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ABSTRACT

A program of basic research in laser physics and laser techniques

has been carried out in order to help meet Air Force mid—term and long—

term requirements as outlined in the AFSC Research Planning Guide. A

Fast Hankel transform algorithm has been developed and applied to non-

linear interactions and to diffraction biased resonators studies. Pico—

second spectroscopy via the induced grating approach has been successfully

used to study fast relaxation processes. Optical parametric amplifiers

and oscillators have been shown to be useful sources of coherent radiation

over the 0.4 pm to 4 ~m spectral range. Finally , stimulated Raman scat-

tering and four—wave mixing has been used for efficient frequency conver-

sion In the infrared. Detailed studies have shown excellent theoretical

and experimental agreement in the Raman interaction. Accessi0~ For
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REVIEW OF ACCOMPLISHMENTS

I. INTRODUCTION

This annual report covers research work carried out by Professor

A. E. Siegman in the areas of optical beam and resonator calculations

and by Professor R. L. Byer in the areas of optical parametric amplifier

and oscillator studies and stimulated Raman scattering studies.

During the past year several important results have been obtained

under this research program. In particular, advances have been made in

the application of the Fast Hankel transform algorithm to the problems of

nonlinear interactions and diffraction biasing to prevent locking of ring

gyroscopes. Picosecond spectroscopy techniques have been extended to the

laser induced grating technique and to photo—acoustic spectroscopy .

Detailed theoretical and experimental results were obtained for both opti—

cal parametric amplifiers and optical parametric oscillators. Finally,

stimulated Raman scattering was studied and applied to problems of eff i—

cient frequency conversion in the infrared spectral range.

These studies have led to publications which are listed below and to

the completion of four Ph.D. theses.

II. OPTICAL BEAN AND RESONATOR CALCULATIONS

During the past year very substantial steps were accomplished in com-

pleting and testing the novel Fast Hankel transform algorithm that we first

invented ,’ and in applying it to optical calculations, particularly to

— 1 —



optical resonator and optical beam propagation calculations of importance

to high power laser applications. Extensions to the algorithm itself

included a simple “lower end correction” technique to compensate for the

finite truncation of the transform integral at the lower end of the inte-

gration range; more accurate ways of handling the discrete Fast Fourier

transform steps involved in the calculation ; and better understanding of

the choice of sampling intervals in the calculation. These improvements

brought the accuracy of the transform close to the limits of single pre-

cision arithmetic on our machine (fractional error lo
_6
). In addition ,

a two—stage FlIT algorithm requiring roughly twice the storage and compu-

tation time was developed which reduces the error of the algorithm itself ,

within Its range of validity , to below which is probably better

than will ever be needed.

In addition substantial understanding was developed and testing

carried out on the ranges of applicability of the transform , especially

in optical beam calculations , in order to overcome the brute—force , cut—

and—try methods too often used in these calculations. Some of these re-

sults were reported at the 1978 Annual Meeting of the OSA
2 
and a major

publication summarizing all of this work to date will be completed and

submitted for publication shortly .
3

Work on the application of fast transform methods to nonlinear beam

calculations
4 
was also carried to completion . These results will be pub—

lished in the near future.
5

There is still useful work to be done on this topic. In particular ,

with the FHT algorithm itself now essentially completed it would be very

useful to test and verify the hueristic “hand waving ” criteria generally

— 2 —



used to select number of points and sampling size in optical diffraction

calculations, so as to define the best compromise between accuracy and

minimum number of points. The trade—off between “two—step” and “one—step ”

transform propagation methods needs to be tested , especially the alleged

sensitivity to under—samp ling of the latter. Many useful special resonator

types , such as hole coupled and soft edged unstable resonators, need to be

studied . We are continuing to work on all of these topics.

Finally, a rather different and unusual technique of “diffraction

biasing” to obtain non—reciprocal propagation and freedom from locking in

ring laser gyroscopes was invented and is being submitted for publication.
6

Whether this technique will be of practical importance remains to be seen,

but it does represent a quite different and novel attack on a long standing

problem of substantial importance to Air Force requirements.

III. PICOSECOND SPECTROSCOPY

Some very interesting measurements on the picosecond spectroscopy of

ultrafast relaxation times in solids were completed during this year, using

the novel transient laser—induced grating technique developed in our group.

The measurements demonstrated in particular a novel photo—acoustic pressure—

induced amplitude grating effect in molecular crystals, of a type which

does not appear to have ever been observed previously . This work was re-

ported at the 1978 OSA Meeting
7 and a complete publication is now in press.

8

A preprint of this article is attached as Appendix I of this report .

An excellent Ph.D. dissertation on this topic was completed by Dr. Jose

Salcedo at the end of this year.
9 Dr. Salcedo will be staying on as a post-

doctoral fellow to provide very valuable assistance in continuing this

— 3 —



research , at no cost to this contract.

IV. OPTICAL PARAMETRIC OSCILLATOR AND AMPLIFIER STUDIES

During this past year two extensive theoretical and experimental

studies were completed on optical parametric amplification
10 

and optical

parametric oscillators.
U

The gain, conversion efficiency and tuning behavior of KD*P and LiNbO
3

OPA’s were studied in detail. The experimental results were shown to be in

excellent agreement with theory . These results underscored the importance

of OPA’s as efficient, widely tunable, coherent radiation sources across

the visible and near infrared spectral regions. The work was part of the

Ph.D. thesis of Dr. Richard Baumgartner12 
and is to be published in the

June issue of the Journal of Quantum Electronics. A preprint of the paper

is attached as Appendix II. This work presented the first quantitative

study of parametric amplifiers since their discovery in 1965.

A second detailed study of the threshold and linewidth of a LiNbO
3

optical parametric oscillator was completed recently. This study , which

fulfilled part of the Ph.D. requirement for Dr. S. J. Brosnan,
13 for the

first time compared detailed theoretical models for OPO operation with

careful measurements. The results were submitted for publication and have

been accepted as an invited paper for the June issue of the Journal of

Quantum Electronics.
11 

The threshold and conversion efficiency behavior

of an OPO is now well characterized . In addition , linewidth studies led

to successful operation of the OPO at 8 mJ per pulse at 10 pps in a stable

single axial mode. A preprint of this paper is attached as Appendix III.

— 4 —  
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V. STIMULATED RAHAN STUDIES

During the past year we completed deta ed studies of stimulated

Raman processes for conversion of tunable radiation sources to new fre-

quencies. The work considered both stimulated emission processes and

four—wave mixing interactions and the close coupling of the two phenomena.

We have theoretically and experimentally verified the pump linewidth

independence of stimulated Raman scattering.
14’15 This work was prepared

for publication and is to appear in the July issue of the Journal of Quantum

Electronics. The theoretical study showed in an elegant manner via coupled

mode analysis the important role four—wave mixing plays in the stimulated

Raman scattering process.

The threshold/bandwidth studies were undertaken in support of infra-

red rotational stimulated Raman studies in hydrogen gas at 10.6 pm. In a

very important experiment , we were able to achieve 40% photon conversion

efficiency from 10.6 pm to 16.95 pm by stimulated Ratnan scattering.
16’17’18

This experiment demonstrated , for the first time, that efficient conversion

of high energy and peak power infrared sources was possible by the stimu-

lated Raman scattering approach . The results of the rotational Raman ex-

periment have been published and are attached as Appendix IV.

It should be noted that for the first time it is possible to conceive

of arbitrarily largc energies available over the 8 pm to 20 pm spectral

region by rotational Raman scattering of a pressure tunable CO2 
laser source

in H2~ 
D
2 
and RD. Thus, Raman scattering should play an increasingly

important role in the generation of tunable high average power infrared

radiation .

— 5 —



In a separate study we quantitatively compared in detail four—wave

mixing theory and experiment for application to a widely tunable infrared

source. This work was also part of Dr. S. J. Brosnan’s Ph.D. thesis)3

The thesis is now being prepared as a Cinzton Labor~ :ory report and as

• a technical report for this program . The four—wave mixing studies showed

that continuously tunable coherent radiation is now available over the

extended 4 — 18 pm spectral range from a LiNbO
3 
OPO pumped H

2 
mixing cell.

The results are being prepared for publication.19

A key technical innovation of the Ranian studies was the invention and

demonstration of a multiple pass Raman cell.2° The cell allowed signifi-

cant reduction in Raman pump power by providing 25 passes in a re—focusing

geometry . The technical paper describing the multiple pass cell is being

prepared for publication . The cell is also the subject of a patent appli-

cation under Air Force Office of Scientific Research support .

— 6 —
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Abshun—A ttsusk ,it pating .4 singlet clcet,onic e&clted slates is
• pnodu ~~d hi $ pcntacene-dopod p-tcr p hcny l. ,noleculur uystal by

optical sb.wptio~ h orn  two crowed timc-coincklenl p icosecond en
dtstios pokes at 532 n an. the diffr acti on pr..pcrt ies of th u volume
paling are probed by a weak . vari. bly delayed , K vam.n.3lehed pico.
aetond pecks puke. At high ericitatiun iatemit,vs. a stuong ossittatory
behave, Is the time dependent scattering efFic iency ii observed super-
hisposcd on the exponential Iccsy pastern of the escited -state grating. ‘

We stt ,ibut, the otcsllatory behavior to a therma l g~st ing which induces C —

dotiereist mk,owa., acouStiC phøuioii.. ThCj e in Sails modiilatc.ar the I ~~
ms,md Issquciicy. the upt,cal absorption properties of the p.~n tacene U) I “
molecule, hi the eacited stat e . An acou st icall y induc ed •‘npliludc
pat ing elfect is th us ob lasned . In conta aat to con,sntional acousto- () ‘aeptie ph ase paling effects. a) .

‘4-. I ~‘4-.
I. INTRODUCTION • 

• W -

W E report the observation of st rong pho toaco its iic er-
facts in molecular crystals , and p~rticuiarty tise observa- C I

lion of an acouslooptic aniplizude grating effect , obtained U
while applying the picosecond transient grating met hod to the . 

‘
~~~~ ~~~~ I

study of energy migration pro cesses in mokculaz crystals. I... 0 z
The details of our transient-grating method and of the en- (9 ~ergy migration stud ies have been given elsewh ere lii, 121. but

It may be appropriate to briefly review th e tr ans ient grating >. I ~~
concept. Two coherent , t ime-coinc ident pseose cond exc i ta- 

a...—, 
~
_

lion pulses are tran sm itted throug h an exp cx i inen tal sat si pic • U) 0 ‘ 5.b

o.~
~~ which Is absorbing at the excitation wavelength, as in Fig. I. t._

Its the experiment dcser ibcd here thc absorbers consist of or-
gastic osoteculca (pcntsccnc) imbedded in a transp arent crys t al-

.L < oline host (p .tcr plseny l). Optical absorption in the interference o ~ >.patter,, between t h e two exci lation beams prod uces a volum e •

0.) .cougrating pat Ient of elect ronic singlet excited s t ates of the - 0 
~pentac ene molecules. This excit ed-stat e crating then acts as ,C 0

an op tical abso rption grating or “ tran si ent ho logratn.~
’ The Q..

t ime-depend ent decay of t h e excited-state grating is p robed
by ~ra~ diffraction of a weak , varia bly tklaycd picosecond “0a) _ _ _L~~~~probe pu lse. The int ensity of the diffracted probe pulse is C,mon itor ed as a function of probe pulse delay. In t h e  case at
band, t he grating pattern decays tisrought a cot ,s b it ,ati ots of
excited-state decay and excit ed-state transport (whi ch wash es - - “0

Cout lisa grating f ringei). For purel y d iffusive cxc i t c d -s ta m
energy transport , the dccay is exponential , and th c dccay rate

givca the transport parameters directl y. A diffusion cod-
flc’tcnt for the sinr tct excit e d clcctui,iic stalcs Of pcntaccne 

•

In p-terp hcny ! has thus been obtained 121.

‘

n__i 

.~C
’’$Ianuw,ipl ,cccin.d Nnwmt’cr Ii. (9 71. Th is so ,k was so ppeeted

by the Air Farce Off ice .r Scient ifi c Resea rch .
The a.th ws arc n ub t ire l ,lssa,d L. ( inzt nn L~bo rat .iry an t thc

Dcpat t n,cn t of Elcc t ,ical Ir i ~inccting Stanf o rd Univc,s ity, S~,nford .
CA 54305. - V
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When we perfttctticd tile Sante expe:iii.ciits at optical excita-
tion intensities above “'300 ?.hW/~uts t , a strong we ll defi ned
osciliatoty behavior in use scatter ing cflicicncy scums decay
was tsbscrvetJ_ Itt ibis paper we interpret this tsccillattuy be—

• havior as disc to strong pliotuacutistic effects. At bight eric ita-
titan lntensitie~, a signi ficant t Iuccitial gra t ing is xt ipe r hsspt iscsl
on the excited-state grating. This t ltenusl grating produces a
t rans ient d isturbanc e w h ich can be described as a “frozen” -

atre ss pattern plu s two countrrprop agating cohc rent ns icro ~
wave acoustic waves 131- flue density niodt t lat isi n associated
w it ls this disturb ance ntodula t cs , at t he  microw ave so un d fre-
quency . prctj oiit inat ,tt y tht c op t kah absorption crssss section of
t he pentaccn e excited cle ct ro itic sing let st at es , most likely by
pressur e tuning t h e  absorption line. This in turn modu lates
tire effecti ve de pth of the ex cit ed-st ate grating and t it us its
scattering effic iency, producing an amplitude grating effect.
To our knowle dge, such photoactsustic anuphitttde grating cf.
(ects have not been previously observed. They provide inter-
esting Information on phonon processes and on pressure tun-
ing In the crysta ls , in addition to prese rving the excited-state
trans port information.

H. EX PLRIHENTAL OtsstxvATtoNs
A. App a,altae

The experinsntital ap pat atu s for these studies is outlined in
Fig. 2. A- continuousl y pttnup cd , high repetitio n rate , Q-
switched and active ly mode locked Nd: VAG lase r (4j pro-
duces bursts of mod e-locked pulses . f routs which sing le pulses
are selected by a LiNbOa Pockel s cell in a hihu micin con flg ts ra-
titan. These pulses are cffl c iesstl y dou blcd to 532 nir u by a
tenspecatu,e-tunod 90’-phiase-niatclied CD’A crystal , and split
Into two strong excitation pulses (w300 kW peak power each)
and a weak variabl y delayed probe pulse (m20 kW). All
pukes are linearly polarized in t he  plane of the figure, and
arc Gaussian in time and in space with , a duration ~fuhl width
at ball nuxiun um (IW1IM)I of SO— iS ps. Due to the par-
t icul a, optical absorption properties of pcntaccnc at 532 mss ,
excit ation and probe pulses arc chosen to be at the satiuc wave- 

~~kngt h. To nscet t h e  llragg condition, t h e probe pulse Is An
brought front t h e  back of the crystal along t Ire reverse paths of
one of the excitation pulses, but wills its polarization rotated
by 90’ The first-order ltragg-diffractcd pulse preserves t h is
polarization and is scatt ere d a~ong the reverse pat h, of tire
ot her exc it at ion pulse . A polari zation beam sp litter then de-
fleets t ire aigisa t into a photo & lcc to r conn ected to a lock-ir s
amplifi er. The lou-k-in output d~ivcs ,tlucy ax is or an X—Y re-
corder , w hile t h e  x axis is driven by t ire motonired probe pulse
delay line. For show delay scan rate ai,d highs laser rep etition
rate (1001hz), data gathering is cssc nti alh y co ntinuous in a stro-
boscop ic sense: Each cx pc ri tiue r uta l plot contains typicall y ~~r 

~~~30000—100 000 laser s h ots and takc~ 10 mm tu cot is p let e. Ob-
served scattering cfil c icsscics are ty r ica lly severa l percc -ur t .y ic t d.
Ing hi gh signa l to nusite rat io j ut the ,s,c~x tt r eunc nt x (S/ N w 100 iv
easi ly ac h ieved). lu fui t hi~r nith u ant e t he si gna l disc r ii ,ui rs ati o n ,
every ot her pair of ex citation pu lses is chutu is ped 5iiJ phase
sen s itive det ceti o t s is used. it niict ,iccope objectiuc can also
be used to hn.sgc t h e  in tcrlctuuiu, viuhutiutu ’ OurIti ~ vhli~tsis tit he
~-t tlt latgc t ii~ut :ut ittu a l i uit, . al l. ,w i uug t h e  t lis tsb y tn the glal sip
ftin grs on a t c lev i- .io,s nronitor. ‘ib is lutov idc s a very accurate
too l to align alt t hs ec e bcatsn Its t h e cty s tal .
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B. Results
Resu lts showing diffusiv e energy transp ort at low ex citatio n

Intensi ty have been previously repo rted and studied 121. lhcrc
we cou se entrat e on the highs cx citat io us Intensity res ult s , w h ich

slsow t lse oscill atory character of the ti uss c .dependc t it scatter-

(sti% - hag efficie ncy. Fig. 3 s lsow s this oscil latory du-pc ndcs scx as oh-

served in fou r ex per iments from a series pe r l’orsnc d under iden ’
hea l conditions except lo, different fri nge spac ings A , w h ich

are adjusted by ch anging t isc ang le between the two excitati on
beanie. In all thuesc res ults t h e  grating ~ vector is parallel to
the crystal b axis. T ue t u ne period Tot t he oscillatory trsodu-
lation changes with fringe spacing A with the linear depcn’
dence shown in Fig. 4. A strai ght-line fit yields a slop e of

2.63 X hO ’ List/s . w hich we take to be the velocity of sound .
The veloci ty of sound in the satire crystal along the sa ti re di-
rect ion was Independ ent ly mc~v urc d to be v~ 2.65 ± 0.05

cnsfs.confirnaing t h e acoustic origin of t ire oscillations.
Further examination of the shsapc of the osc illatory decays

In Fig 3 leads us to conclude t hat the obse rved effects must
result frons t hu er issa h excitation of sit acou stoopt ic ar s rp hutu de
grating. Thri~ grating nsust be produ ced , we behicve .by acoustic
press ure lusting of Site excited molecular state absorption in
the asrnphc. The theoretical analysis supporting these conS
clusions Is outlined in the following section. 

-
.

III. Th EORETICAL Fo ttMut.ATI 0N

A. 7i’rtc Iic-p cndcrice of the Scattering !ffficicstcy

The geotisetrical and param etric dependence of th e scattering
efficiency of voluttuc Ito logratsis is well know us (5 1. (6J. Here
we arc nr.nfsly inte,cslcd in the exponentially decaying and
oscilbting time dependence of (he observed scattering Irons
t h e  y~lunrc grating patt erns produced by thern ua l p lus excited-
state gratings in outr experitutents . In these cxpe rirrrcnts
scattere d probe sign als were observed pri marily at t hc fi rst .
or der fl ragg- n iatc hu imsg ang le. iho w cver . t h e volume grating Ii

pat tc t n also contains h i gh er spatial hrarnroni cs . particu larly
it t Ire seco nd-or der Bragg angle, which, should also be observ-
able. In general tire diffracted probe signal intetisity ‘~(‘) at C)

Site nth ordct Bragg matching angle is given by

a ,~t(I) f I~(r ’ OhI , (t’) x , (t ’)l 2 uI” ( I )

w here the • denote s convolution , and I,,(t ’ - t) and i~(t ’) are

t h e probe and excit ation pulse int ens ities , wit h thue probe
pulse being delayed its ti m e by atm amount 1. Out of ih rr total

- consp iex sti s ccpt ibt h ity x (x . I) irs lir e sa m ple the relcv a rtt part •

is t h e  spatial Fourier comr u t m o ncr t ( ~u( ordcr it , i.e., th e eompo-
ncnt x5 ( ’) evp (junks). w h ich c mmm r cs po n ut s Irs s pat ia l vect o r

= is le/A , w lr:re A is ttu ~ gr alit s g spacing. As written trer c , en

x~.x , t) is tire (‘ teen ’s fuusuch iuust or thr ~ unit u i r tp ui h .c res luum ts e 0

prod uced by an excitation i’ul ’-e t l r~t isa unit itimpu lse Irt tirt ie .
In limit paper n-c will , its fact , treat the excit ati o n pulse 4(t)
as a utrit im pulse , since t h e  ‘-70 pt excitati on (arid probe)
putacu are stuorl comtnusareil to site I ox osc ill ah ioss and decay
t itmt Cs its t h icsc e ~~~~~ sits . 1 hic sc. tt t t’n i tt g at t s~Chnl ihui l t t y x,, ( ’)
Is its grts ~t a l ,rum rt 1 . I~s , i.e., x~. ~

- x ,  4 ix . ssi t h i t I re ,e;uh t o ri

being rcspususs ihik- fo r p hra- .c gt at imt g or index of s et tact m u
g rati um p e ffects , ari d t h e  i u ir ap i t r at y Iran bcirtg, ret puststhle for
at st i . hutsiulc sit airsot ~rliinmt gtati uup e f fe~t u .
‘flue huhtytteal pro cess t h at hm r tt d usees the co li crrt ul ac sm t t sti c

nave s of in te rest iueie is a t hm cr uu mally itrd tucctt ac umi t st ~C f .m s ti ng

w h ich is sm t iicsiuut i roce d tin tine cxc ilcul -St atC f .r a l t mlp I? I • T ue
thucrur iti pra timr g atsd t Ire ~- .srr~u~tcu1 acusuus tiC w iv es cat i tie
ana ly,u- ui alat litig frot is t h e  linearized hytlrodymtamuulc equaliotss
I?)- I/I

a’~s - ‘ a._
,e.

t I V ,A P.  -~-- -- - V~Ap -- “~-‘-V ~A T ” 0
vi 

~ p.t’it 7
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(2)
at ~~~~ p~, at 4ep.c.

ftcrc tT and Ap ate (lie Inscal t c iss lrcr alssi e and density changes, 
~~~~~~~~p~ 

Is the equihuhriuuis density, o is the veh y, is e cx psn-
ilon coefficient. A Is the Ilserssial consltictivily,a is the optical
ibsorption coefficient, and I~, Is tIme local uptical cl ectt tc fsc ld
In the intcracti uuu vo lum e. Electrost,i~tion can be neg lected ,
and t lsc tra n sient solution to, the density v~ri ati t tn Ap can
then be rca dily obtain ed (8( for an cscit ati o n pulse very altarS -

consp ired to the acoustic limes of ltst etcst :

4p(.rj) Ap 1~~ fe ”” con ~u- e’’1’~~j cos (2ex/A)

- 
(3)

h ere v~ Is the acesssstic wave atte istuati tmn tiusic oesoundabsoep’
Sian timc, t~ is the tiserm~I conduction time, and s,a 2w/TA
is the acoustic frequency where TA A/u5, with u5 bei ng the
acoustic wave ve locity , For the acoustic frequencies generated
in these experiments (w/2s r — 300400 MOe), the- 8coustic
decay time is T~~ —5O-100 ns, and the thermal conduction
decay tIme cams be ignored.

A more coussplrtc analysis would take into account the
Gaussian transverse spatial dependenc e of the excitation
beams, as well as the finite duration of the excitation pulse
!,(t). In particsshar there will be an additional effecti ve decay
of the acoustic sigmua ls as the finite train s of left - and right’
going acoustic cyc les nmove across each oIlier and eventually
cease to ovc r !ap spatially with cad s other. Since our grating s
typ icall y had at least 20 fringes across thic half width of t he
beam spot size , however , this had little effect during the 5 or
6 acoustic cycles typicall y fo lhowcd ims our ex perin ients.

Although we with speak loosely of pressure tuning effects ,
we attr ibnit c t he observed effects in our exp en insents to in-
duced changes in the local optical properties of time medium
caused prim~saiBy by tuxal skr,jssy changes rather ihan either

& ,, local temperature, local stress , or press une ef fe cts. Fig. S is
a plot of the excited state grating pattern N 1 (x . t 0), the

6 - ground state nmolccular density N0(x , t 0), and the instant S-
,scous local density change Ap(x , t) ,  w it h t ir e latter quantity
beIng p lotted at success ive instan ts of tinse throug h one- comas-
plcte acoustic cycle, neglecting datrip ing or decay effects. TIre 4~ 9

acoustic density grating pattern Is in ph ase spatia lly w itlm the /excited-state grating pattern , as wc ll is n-ills time sinusoidal part
of the ground state m olecular density. Because of the instan-
ta neou s nature of tIne t h me r u m sal excitation in bu sh k , both the dcii- . ~~~
city and tIme pressure must be describe d as having a static or ,~~~ -

.

ftosen” grating cm um rn ponetst as well as two counterpropapting
traveling-wave cousmporucntv. (Time “(coven” corsspusncnts wiftuf
cour se decay away w ith a us t uch hunger thermal relaxation tin te .~
Note also that time density vari atios - w ith time at any one poin t -~~
In space ate “ one-si ded: ’ Ic ., time local density swings up and f~back ,or down and back , but not boths up anti down at any one 4,
location. T he niohecular densities A’0(x ) and Ni (x)  decay (-vu 

-

slowly due to c~citc d-statc reiaxat ion smsd diffu sions. Qr

8. !7rase Vcriu, 4u,jrlitu ij c (,ru,tiug Iffccts -

Convct st im ,na h acr,usttsru ptie intteract iu,ns i n  so lids nearly ii-
wa ys occur t l tm u umu g h a P!tulvr pstistg ntcch ua,m s,st . caused by a
c hange Iti local j oshe s of ref ractio um associated with tire acoustic
disturbance. Esat ui iuma ti nmt of thu e t hmcmm,el ic a l Cep rcsv iuus ss and
of Fig. S sh mms w s . however . t hat  tItle cmtutwmt he t h e hu ni rmn a ry cx -
pliti~t immtm For tnul r nhscmvati sns , aitul th at we are c learl y observ-
Ing atm acuttetocu plic oiun~mlituuFu grat iuig effc~t.

In our resu lts t he in cla ms tan te uu n ms sca t tc ri ms~ e lfncirttcy in seen -

to be rcd tsced mscr mr h y lii re rms at eac h ovid hail acoustic cycle
a ft e r lime ca cita t jum n pulse . Th is is also t h e  instant when sIte
density grating neaehsns Its t ruaxuuun usu rs ansplmhisslr its spatial
imhn ase with, thuc cxc ile ul -sta te grati tug . ‘li n e inmt luhicati umn is that
t ime dc nsl ty -Ind uic cd s catt e ring at those iuns ta nts nmutst abl In
opposIte nhtsse (tmnnt tnt t 1mt ad ralni re ) to the ex ci te d-state in-
ditce d p lat ing. We believe tIme cxci tem l s tal e pma t imu g tm iust
cutely Inc cmi aur 1nhi utdr gras inug . arid lncnce thr dcm usi ty -Innulnuced
guat iuig s imsa l be arm antr 1ihuluithr rs t h rc r t lmaut a phase gratit ig ahst s .
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Equation (3) sisows that us e density grating consists of two
tr avc irng-wave con sp orscnts of relative ansuph it udc t each, and
a fixed or cs ,nsl ant cot mi ponent ca f relative ~uuip lul ude - I. Time
two travclitmp-wavc crtuts poruett ls decay wi th tlsc acou stic decay
lime 

~~~ 
w hich, lasts 2$-SO acoustic cycles, w lmihe the fixed

consponcnt decays with tIse themmiral decay time r,,, which is
much longer. Each of these comsuponents will itsduccd a
scattered sig na l field component at tlsc Bragg angle, wit h cor~responding atnuphitudcs and phases . Note tiuat Use th ree den.
cit y grating ccw msp o netsts , and also tluc tlsrve vectorial scattered
wave cumpw mcnts . suns to exact ly 0 at I nO since t Ime dcnsity
modulation starts frutti ats imt it ial valuue shut is iuiemstically 7ero.

Fig. 6 sl mows vecto niahly irs t ime com im p lex plane tI m e scattered —

vector field ~rtsp liludes cuantribt itcd by each tf these (turec den.
sity wave co m npotsent s . plus tim e large r co nsponen i contributed
by t h e excited-state grating, at t hs rc c Instants of timsse corre-
sponding to 0, ~~, and I acoustic cycle . Time sketc hes arc
drawn with v e,tic ah arrows representing lhi e excited state grat-
ing, assurssed to be a pure aniphitude grating. The heavy arrow
In eac h case is time vector summ i, or the instantaneous vector
amplitude of time total Bragg-s cattered si gnal field , TIme length
of this vector squared would give the total Bragg-scattered in-
tensity at th at instant , ‘

The upper sketch assumes t lsat tIre density waves induce a
phase grating effect , he.. tue thurcc acoustically induced cons- 

- 
-

poncnts are 90° out of phase with the exc ited-state grating
component; wh ile she lower sketc ls sssunrcs time density wave
consponents are in phase whIr tire excited-state component.
The two ainsa ller density wave components rotate in opposite
directions in the corma p lex plane at site acoustic Frequency.
since th ey represent oaci ll ati tmg or traveling-wave t cn t is. Note
that the observed amplitude variation oh’ the total scattere d
signal with tu nic can only be cxp laimmed by time lower sketch.
An acoustic ph ase grating would , in fact , cause t ine tota l
scattere d inten s ity to have an a m p litude variation of opposite
sign. -

C’. fk’(aikd 4,mpls sis of la’tc Sr-aricrisig Iffficiencv

Leaving aside incsscntial cornxtants and gcomuetnical lactor~,
- the scattering susceptibility x~(t) cars be written as

I {E’~’,,pcx. a’) o,,(x, t)~ (4) 
- E ~

w here N,,, and tm1,~ are t he dcns ity-tmmodulatcd nnolectilar stare
populasissns ~mud cro ss sect iom rs . res 1~ ctivcl y, an d where tine
subscript ma inrul icates th at only t Ine exp(fr :2urx/A) spatial coins- 

~
-? 

~~~

ponent is to be considered. The s u m r nn it s tIre present case cx~
tends over two levels, t h e  groutsd stale I = 0 amid sIte first cx- ‘

cite d sing let level I I .  T he population arid cross sections nsay
be written ax

N,,,(x,f) i Na(x , t) j l  +-Ap (x .S)/ p 01 -
~~

(5)

n-ltc rc A’1(~, a’) ~mrd a, w- ithtomit argurr r~- rnnc give t Ime unrtpu- rt uirbc d
valuucs . lIne valises both of o~ and cur t h eir den ivat ivcs nm:my In
genera l he cu nuu mp lcnc , wit h t huc real Il_ un I cu) r rvs luomtd iuug to ab—
comrtiott asul t Ime immma g imtary part cnn rres pomm dimug to phcuse ~hitfl
or hides of tc f s u~tiem n e llects .

‘hhse getieta l cv i nue nskn nt for .~p(s , I) Inn becmn pisc in in (3).
TIte poi rmsla tin inv unf tI re gronu t mni atud eec ted lrvclv pnundumces !
by tIm e exeit.sl inuni heani delta lutnetic iuts su e 121

N5 (.x , I) ~ ~‘r 8m ~~~~ ii — C~~
’ ~~ con (2n.x/A)I

No (x ,t) n No  - N (x t) (6)
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where N1 wit hout algu ui ictmt s is ti me t t sta h dc mncily iii ehncmaihing
,msoicculcs its thsc c rystal , Nra ’ is tht e imu il ial optic al ly imm uh mace t l
excIted-state - density at t lu c f us ing peaks , v is t he excited
state fluoresc ent lifeti m e , and (h/c + k ID) .~/2 is tIre decay
rate fur the excited -state fringe pattern due to excit ed-state
relaxati on plus excited-state diffusion with diffu s ion cod’
fmclent 0.

We now define the normalized maximum density variation

(7)
and the oscillatory modulation component

M(s) exp(-f / r .~) C05 oat - I. (8)

We also define the cross section sensitivity parameters , or
tmoemahiz.cd density derivatives

5, ~~~~~~~~~~
,c~ ° (8o ,/ ~p) p ,/o1 (9)

wh ich cou ld be comp lex or even imag inary if the density
modulation produces an index of ,efraction .gnating. We
then obtain the ma ~ I Bragg angle coniponent of the scatter’
Ing susceptibility from (4). (8)1 and (9) as

~IXn (a’) (Nr32/2) (°i - a,) e~~ a’~ 5tmj)),

+ i,o1(Su 1-l)(Nr ~°/ 2) e- ”M(r). -

4tioo(S. -s l) ( f -10 - (Nras/ 2) e_ tIT) M(,) . (ho)
This expression contains three teems. The first is the basic
excited-state tran s ient-grating si gna l 121 un perturbed by
acoustic e ffects. It gives t he pure exponential decay observed
at low imrtcns ities , as dcternt incul by t h e  excited-state lifetime
t and the dif f us innn coeffIcient 0. The second and th ird te nnis
desc,ibc how ttme first excited state ansI ground-state diffrac-
tion effects are modulated by tire sluermi rally induced dc-mrs ity
variations or coherent acoustic waves. In the (5,4 I) factors
In the second rind tlsird terms , thnc (actor of I represents simple
density nnoduhrition of time local mttoh ecu lar density, wh ile the
Sg factut te represents dcuss ity mntnndulat ion rtf tIme tinuticcular cross
$Cct iouss C

~
, as iii (5). it will turn out dual tire nuagusitunic-s of

the S, seem to be substantially larger thuan unity to hit tIre oh’
served resu lts.

The retulthug difftsc(cd si;ssal itstcsssi(y is tlsen given by

I,(a ’) mmf I( ,(a” - 0 le _Q
~
/ 3)r ’ 

-

$ A 5 e ”t’M(I’)

+A ,(2N,,Nr°= — c’”I~) M(t ’) I’ dz (II)

where we have nonumsa hized the initial scattering efficiency to
unily. ‘rise oscdlstoty terms have magnitudes

O~

ii(.Ss 4 h o ,  - 

(12)
- C.

Was te h ea l s 1ruSr immg t h is CSpt Cssimuni tst ,t n)t t l y vu lt uam cs ca~lt tuf tIme
•hm,v e t er i u m s , b utt ttm mm r , t imn u l i nat la tmt ly leads tu m h n c at uin t: eff ects
betwee ss t he  ha-ac cx ci l c sl-rta t e gv ,ut it ug atv d the two acusurtic
lcnmms . htecam use time pninlne pvt l- ,evv-i dih of “-70 ps is ihort cost s -
pared to sic time cor.stamits Involved In xuQ), we can snm in 1n iuf y
(hl ) ss

luQ) ° fr .(K/a )s 4 ~~~~~ At(s)

+A,(2N0IN ~” 
- e

_
r l r )A,(,)t i

~~C (- ‘i A1 AI (l) ~ .(- Ir .(te Iah I

- C. t l r)A I ( ,)C . ( C I Sbt , (I))
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Here we hav e aivs Ignore d pnms dt tcis nsf order q~ Its tine accm mitd
line . since mg ’ <‘~ I . -

~~ 7 .isumws ‘ l- (13) Is kuIlCd (s ir ty t s i cal valu es s .f tim e ide-
vj t s l t lt t s~ tt usm ~t .tus t s as we slowly “ lint ii ou t ” t he exc ited-st J t s’

dens i t y -s t s t s duhat i s ia r ten ts ,I,~, 
stu d tiuc gnumuesid-statc density

nmodulatiun ter m m s A 0lndcpcndcntly. ‘rIsc experimental parani.
etc ns enmp tv sye d are

Mr/N.

v.~:lOO ns

ui~ 5pm
.,~~2.65 X 10t cm/s
13w 03 cm7/s.

It ckarly scents that the shape of our cx pc rin te ntal rc su hms can
be matched only by assst.mming th at density modulation of thee
e.z-cile’d s tate is the donninamst ntcchauuis mt i causing the acoustic
effects , ‘Ibis is supposied by the data ehmo wn in Fig. 8, cab-
tam ed From SIte thuird plot Iro,ti time top in Fig. 3. Time plot
shows both the exponersti ah decay of thc peak atnp lmtudc s ,
which gives tine diffu sion coc lhicierit 0. aunul also the decay of
the dcpth-of- msu uuh uiat ion annpiitv nde s I.e .. t ine dull crcnce be.
twe en t he fittin g exponential and the obse rved ans p hitu de at
tu e minima. ‘rite decay rates are cxsc ntishiy the ssnse , whs ich
says that tIme oscillatory (eons decays at the same rate as (lee
grat ing cotmmp~usent of N1 (x) , not N,(x). Only if dens ity
modulation of time excited state is tire durinirtant nicchssnisrrm
can this depth of ntoduhation decay be exp lained. For ground
state modulation ti ne decay would have to be signi fi cantl y
slower. -

13. (‘ompa nson to I~ypc,inicn a’,! Rest,!:,

~\. Fig. 9 sepeats the expe rimental result of Fig. 3, secosu d
curve (coin tIne top (A = 533 pos), along whIt a semi lug plot
of the peak amplitudes in this curve , shmow imrg their ahmnmost
exact expoiscritial decay. At tire peak times, the insetantaneosus
density ch ange ~p(e ,i) is zero, and hence the observed expo-
nential decay rate for lhm~ peaks sh~utln1 be (2/c + 2&-~D). Thc

- 
observed tess mi tv are in (act its aguectmr ent with low-intensity,
nonoscillating rrrcas urrcnr cts tS wh ich give r 93 ns and 0 0.5
Cm’/s For tIn s particular samnip ic. Also sh0wn in Fig. 9 is a
th eoretical fit using (13) (cnn thuesc cxpe rinnental conditions,
wit it A, = -0.02 and A~ +037. tiv idettt ly it is density nmod’
tihati o n cr1 site excised rather than tire ground level th at is
dominaust. -

Fsomt i all our ot her rneasurcmetsts . we can estim ate that
oi/er, 5, and front t h e  h eat dcpinsit iout and thernioscouslic
properties of t he material , we can cs t in mt .utc t h at in the high in-
tensity cxpet imnents . time msor mtta hi ,e ni mnra xinnnu;tl density ch ange
cormesp~nds to ii 10—a - Ftomsn (12) we th en obtain thic
rough values

(S,+I)- ’ - -hOO

(S5 + l )—4500

0. 1f ig,

at t Ime peak of t he acuauvtic wave (wiucre Apfp, <0) Tlneme is
lnuk1ncnukmt t iii1n1’uurt (or t i ne as s tunm ml mtiu u nl hti.iI i’hi, / 1 p <0. if
we consiuher Ihic gttu uu ill St ate alusuirpt iuun spectr ut ums nil pcumta—
cc tsC its t Ine vi c i uuity of 5.5 2 minim , au u d ii stat ic pressure tu inu it ug
cht t dy of I rmu tacc nC lines 1101~ Nuu data on thi~ pmess t mre tt sni im ng
of t hu r fmrvt sitsIlet c~cItvJ ~t 3tc  t if 1uet utacc fl e ecerine 1cm tne avail-
able, (runt oumr mer it his lnnnt nly t i t at tine mu~ el icit at 532 n m  tit list
be of cuf uluu urilc ~ir’n , smn t l mere ,.4 t i tumcC large r . ‘iluc agretment
IhuftW mt In h ig. 9 ~~ gur~n~1 - esp ecial ly If we Ii ink at lh m~ 5in it~ihiCity
of tI re t iicusr ch ical tuu nntkl , In w luic ht wi’ diul n u t  imuchtu n t~ hti gln ly
no mm h usac ar e f f e c ts pnsle mml i.tlIy pm c se mt t In th ur interacti uun ~oIisstse ,

ax t ls~ fve%hui w it ug .

— 17 — -



QI A1suil lI~l~i~ 2S~IJ
uiw gaiicy4(- fssi Ics A-’i. sums. pg. ‘lb. Ii!i2flu)I ~~~~~~

I) Itt line h i ghs ersu mmp ress ibiti ly reg it ite hmrudu cc d hsy t hic larci
kmJt i~~ul ac r mitstmC waves (eseess lsieso ttr e 50 s iet ,) . li tc vuu mns mut
sc iw -ity cats s mu u hmntsgcn he cmmn ,sislc t cd iu u ues t a msh j i l , ,  artd tl t ~
acoustic wa ves can ito longer be ri goro us ly tre ated by a linear-
Ized model.

2) A linear dependence cs i cross section on density bar bcen
iáunnsed , w hen irs mtu uurc rigor we sh ould use the CXaCt tnonlin.
ear absorpt Ion hitses hu apc around 532 n u n.

h owever , we believe Including these tmtt mm linca r effects wmiuld
only change thc .fi t in Fig. 9 by a neg ligible amount; and in the
rlzht direction lor an even more exact itt.

- IV. Couc iusn oet -

The present paper reports th tc observ ation of ansp iitu de gnat ’
Ing effects produced by coh erent acoustic waves immr.huccd b
optical absorption of picosecond pulses. These pulses
overlapping transient excited-state and tluenm unal gratings irs tire
bulk of a molecular crysta l. A simmsp lc tnnouJcl introdtmccd to
treat the cuhiescnt acoustooptic interaction fits tIne cirpeni-
mental results with quite good agrce mnmr irt. TIme results yield
Infomsation about a variety of processes . inc humiiung:

I) The nature and rate of energy rtuigration for the moIre-
ular excited stat es , obtained by studying thee decay of tIme
oscillatory signa l peaks.

2) Information rcgardhmng high-frequency acoustic phonun
processes in time crystal , inc luding acoustic velocity and at tcn -
Uation. 8y changing t Ime grating orientat ion in the crystal ,
ats isotropic and nonlinear acoustic effects ntight also be
directly studied.

3) Info ns station regarding t h e pness rt re or density nn u nduha t ion
of time ground-state arrd excited-state absorption in the crystal.

The am ount of infornnatiors sinmultaneoushy obtained tr uantt
nneav urrennents stic lu as th ese , concerning bot h nnoteculs’ and
crysta lline propeitks , is vizah lc. We huge th is process can be
natura lly extended to other materials as well, providing a
unified undc rsta ndi mng of t h eir properties.
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OPTICAL PARAMETRIC AMPLIFICATION
Richard A. Baumgartner and Robert L. Byer

I. INTRODUCTION

Experiments in nonlinear optics were performed in 1961

soon after the demonstrat ion of the laser .1 These experiments

were possible due to the increase in power spectral brightness

made possible by the laser. The first mixing experiment involving

three optical frequencies was performed by Wang and Racette2 in

1965. Prior to that experiment the possibility of parametric

gain in a three frequency process was considered theoretically

3 4 5by Kingston , Kroll , Akhmanov and Khoklov , and Armstrong ,

Bloembergen , Ducuing and Pershan (ABDP).6

Parametr ic oscil lat ion , an important extension of para-

metric amplification , was first achieved in 1965 by Giordimaine

and Miller.7 Parametric oscillation is quite useful for generation

of widely tunable coherent radiation . The progress in parametric

ampl if icat ion ann osc illat ion has been th e subject of rev iew papers
B . 

‘

~~~ 10by Harris , Smith , and Dyer.

Since the original experiment of Wan g and Racette , laser

sources for pumping parametric processes have improved considerably.

Pulsed lasers are now available with energies greater than 0.5 J/pulse

at repetition rates greater than ten pulses per second and operating

with either a TEM
0 

transverse mode profile or various plane wave

unstabl e resonator beam outputs. Recent LiNbO3 parametr ic

— 22 —
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amplification experiments demonstrated that small signal gains

of 50 and saturated conversion efficienc ies of 2O~ are available.

Consequently, parametric amplification is an important technique

for amplification and power generation over wide frequency ranges .

The detailed understanding of the parametric amplification process

is also useful for the design of optical parametr ic  oscillator

tunable sources. -

This paper examines the theoretical solutions of parametric

amplification valid in the depleted pump regime . The solutions

are compared with experimental measurements for KD*P and LiNbO
3

optical parametric amplifiers (OPA). The theoretical derivations ,

based on previous work by AT3DP,6 Boyd and Kleinman (BK)1-1 and

Harr is12 
and computational methods are considered in Sections II

and III. The theoretical treatment includes the transition from

parametric amplification solutions with pump depletion to solutions

valid where pump depletion is not important . A parametric amplifier

general solution program with and without time dependence is

discussed in Section III.

The experimental measurements are presented in Sect ion IV.

The experiments include small signal gain measurements  of a
*355 nm pumped KD P OPA and its angle tuning curve . The gain and

energy conversion efficiency of a 1064 nm pumped LiNbO3 OPA is

also presented . The experimental results are compared with the

computer solutions presented in Section III.

- 23 -



The theoretical and experimental results and comparisons

presented in th is paper are th e f i r s t  de ta il ed stu dy of th e

optical parametric amplifier . Together they show that OPA t s

are usefu l dev ices for ampl if icat ion of tunab le  coherent r a d i a t i o n

in the opt ical spectral region .

II. THFORY

A. Second Order Nonlinear Interactions

The second order nonlinear interaction of light beams is

charact erized by the generat ion of a nonl inear polar izat ion

= C )‘~~~3~ W ] J  0)2) : F
1(w 1

) E2(W2) (1)

where P3(w
3
) is the nonlinear polarization at frequency 0)3

is the dielectric constant , Y(—w 3, o~~, ~~~ 
is the nonl inear

susceptibility tensor and E1(w
1
) and F2(u 2) are the interacting

laser fields.

The second order nonlinear susceptibility is responsible

for sum and dif ference frequency generation and for parametric

amplification in the interaction of two laser fields in a nonlinear

medium . Parametric amplification involves three frequencies

related by

0)53 = 

~l 
+ 

~2 
‘ (2)

The field at 0)3 is assumed to be the most intense . Energy at

either 
~1 

or inc ident on the  nonl inear crystal is ampl if ied

with the remaining non—incident field being generated . For an

- 24 - 
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efficient transfer of energy to occur between the waves , momentum

or phase veloc ity phase matching, defined by the k vector relation

~3~~~~ l ~~~~ 
(3)

must be accomplished , where 1k1 1 = 2ir and n1 is the index

of refraction in the cr ystal . For uniax ial cr ystalline med ia

with birefr ingence , phase veloc ity match ing~
’3 can be achieved

by angle tuning , cr ystal heat ing, or electro—optic effect. In

the present exper iment al work Type I angle phase matching was

used with the signal (w 1 ) and idler fields polarized as

ordinary and the pump (0)3) field polarized as extraordinary waves

in the negative birefringent LiNbO3 and KD
*P crystals. In negative

uniaxial crystals the Type I phase matching condition for collinear

propagating waves is given by

A
3/ n (~~31 O) = ~2/ n (~~2) +

where

2
1 sin e cos 0

________ = 
2 + 2 (4)

ne(~~3,
O) 

~~~~~~ 
n
0(~~3)

Here 0 is the propagation angle relative to the optic axis and

and n0(~~) the principle extraordinary and ordinary

crystalline indices of refraction .
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A phase velocity mismatch factor

- ‘
~l 

, k2 (5)

is a modification of Eq.(3) when phase matching is not qui te

achieved . Possible causes of non—zero t~k as well as finite

crystal  acceptance angle an d ban dwidth , are discussed in Appendix I.

The pump beam , propagating as an extraordinary ray in the

nonl inear crystal has a power flow direction at an angle B to

the wavefront normal . - The Poynting vector walk-off angle for

uniaxial crystals is given by

- sin e cos e (n 2 — n
2
)

tan B = 2 2 
m e  

2 (6)
n cos C + n sin €e m o m

with a positive angle B for positive birefringent crystals.

The presence of B causes a slight adjustment in the observed

value of the phasematching angle Cm given by

C
m 

= 0m 
+ B ( 7 )

obs calc

The specific nonlinear polarizat ion relations derived from

E q . ( l )  are 
-

P
1

= 2 C d f f F.~~ E3 
(8a)

P2 = 2 c0 d ff E~ E3 (8b)

P3 
= 2 c0 d f f  E1 E2 (8c)
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where the notat ion has been simplified by dropping the explicit

frequency dependence and the susceptibility has been written in

terms of an effective nonl inear coefficient. For LiNbO3 with

3 m point group symmetry

deij = d31 sin 0m —d22 cos em sin 3 4 (9 )

which is maximized for 4 = —90°. For KD*P with ~2 m point group

symmetry the e f f e c t i v e  nonlinear c o e f f i c i e n t  for Type I phase—

matching is

deff = —d 14 sin em sin 2 4 ( 10)

which is maximized for ~ = -45°. A derivation of the effective

nonlinear coefficient used here is presented in Appendix 2 of BK.1’

The coordinate rotations necessary to relate deff to the

coefficient along the crystalographic axes are discussed in Zornike

14
and Midwinter .

B. Coupled.Wave Equations

The derivat ion of the coupled set of wave equations proceeds

from Maxwell’s equations

VxE -~~~~ M=~~+~~ (h a)

V’D = 0 - V’13 0 (hlb)

- 2 7 -
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and the constitu tivo relat ions

B = C~~ eF + P (12a)

B = (] .2b)

The linear polar ization is contained in c so that  P conta ins

only the nonlinear polarization terms . The medium is assumed to

be magnetically inactive . The fields obey the wave equation

- P oa~~ 
- IJOCOC ~~~~~~~~~ 

= 

~o 
(13)

and are assumed to be monochromatic plane waves propagating in

the near field in the z direction . The nonlinear interaction

occurs over distances and times that are large with respect to

the individual sinusoidal variations o. optical fields so that an

envelope representation

- 

E1(z ,t) =EmRe(Ejme~~~
’m
t - k

m~~ ) (l4a)

P1(z ,t) Ein
fe im0

3
~~ m

t — kZ)
) 

( 14b)

is used . The subscript .i represents the direction of po]arization

x or y and in the frequency of interest 1 , 2 or 3. The Fqs.(l4a

and 14b) are substituted into Eq.(13) and the slowly varying
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envelope approximat ions  are applied l e a d i ng  to

.
1J cw

+ (n  / c)  —~~~ + a E 
0 rn P ( 15 )

m m m 2n m
m

where n = ( c ) ~ and a 
~ 

lbo~~~~/11m 
is the electr ic f iel d

loss factor . The slowly varyin~r envelope approx imat ion is qui te

valid at the wavelengths , intensities and pulse lengths relevant

to the present experimental investigations. The envelope represent-

ation applied to the nonlinear polarization components given by

Eq.(8) gives 
-

P 2e A -t-.~~ 
—j ,ikz

1 O~ eIf 1~2E 3e ( 16a)

= 2E
Ød f f E

*E3e
iLi~~ 

(l6b)

P

3 

= 2E
Ød f f E1E2e~

i~~~ (16c)

These polarization components substituted into Eq.(l5) produce the

coupled set of equations

~~~E

1 

n1 ~E1 Wide11 * -j~1kz+ — 
~~~~~~

— +a1E 1 
= —j~~~ E2E3e (17a)

n~~~~E W d  .

+ —p. 
~~~~~ -+c~2E 2 = -—j ~~~~

uI
E~ E3

&.31iIcZ 
- - 

(l 7b)

n ~E w d
+ ~~~~~~~~~~~~~~~~~~ +G

3
E3 

=. —J~~~~~~~ --E1E2
e~~~~~ 

( 17c)
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The experiments  operate in f requency regions where crystal

losses are negl ig ib le  i . e .  a1 = a2 a3 
= 0. The cos2 B

factor in F.q.(l7c) accounts for the Poynting vector walkoff

at angle B of the pump f i e l d .

An improvement in the coupled equations range of validity

and a mathemat ical conven ience occurs if  one ac coun ts f or the

slight crystal dispersion contained in c . The f r e q u e n c y

dependence of c contained in the d e f i n i t i o n  of the l inear part

of the polarization15 is wr it ten  as

PL I N ( t ,z) = ~0 i: x 0 ) E w,z e ~
0)t

dw (18)

where the f iel d is re presented as

F(t,z )  = A (t ,z ) e~~~~
t — k z )  (19)

The Fourier transform of Fq.(l9) with a Taylor series expansion

of k and Y , about the center fre quen cy w~ , when substituted

into Eq.(18) gives to the first order

P1~~~( t ,z) = ~~~Y (w0) A(t’,z)

where

t’ = t — (n/c)[l + (w/12c]) ~~- 1 z

Previ ous ~k derivations arising from e~~~
0)t — kz) factors

remain the same while envelope quantities now are dependent on

t ’ rather than t. Thus the phase velocity terms 1/vp n/ c

- 3 0 -



are replaced by the group ve loci ty  terms

l/vg = ~k/~ 0) ( n/ c ) [ l  + (0)/12c]) ~~ 1 (20) -

in Fq.(17). Group velocity considerations are primarily of

interest for operation of parametric amplifiers with short pul ses

in the region of the tens of picoseconds.16 The group velocities for

the coupled waves in the present experiments are equal to within

2% so tha t

v v = v  v (21)
g2 g

3 
g

is a good approximation for nanosecond pulses.

The change from phase velocity to group velocity in the

left side of Eq.(l7) makes a reduction to ordinary differential

equations possible using a transformation indicated by Scott)7

The transform equations are

(22a)

t~~~~~T = t ~~~~~Z/V g 
(2 2b)

-~ ~~~~~~~~~ ~~~ (22c)

-~~ .
~~~~~ (22d)
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with a resultant s impl i f i ca t ion  of the coupled eauat ions  to

... j
0)ldeff  E E 3e i”~”ar  n1 c

~ -. 
W2deff

n2 c

— - 
w3d011 +j~t k r

2 ~12 e
n3c cos B

The use 0 . F. = P .  e~~
0i wi th  I = 1,2 and 3 accomplishes

a rectangular to polar dependent variable conversion . The polar

form equat ions t hat result are

= — P2 P
3

S I r~° (23a)

— 

cJ
2:ff  p1p3sinO (23b)

= + P1P2S~~ O (23c)

~~ 0 - 
4k 

.~~ ~ ef I - - 

~~ ~~ ~ P P1 P3 W1 p2 ~~ (2  3d)c n cos p ~~~ 

- 
~~~

— - 
~~~

— 
~~

—-
~~~ -)cosO

• - I  
~~~~~~~~~~ 

,-
~~ - - 

- 
- 

~~~~~~~~~~ 

.:. . ..
~~~

.

. - 
. . . . ., , .

.
. - . - - 

- 
- - ..



where -

e = ~~ k + + 3
- c ~2 — 4 1

An invar iant for the parametric conversion process representing the

power flow per unit area parallel to the direction of propagation is

W = (c 0c/2)  (n 1p~ + n2p~ + n
3 

p~ cos2 B ) (2 4a)

or 
= I i (0) + 12 ( 0) + 13(0) cos2 B . (24b)

Introducing a set of normalized dependent and independent variables

given by

/ c A n \ ~ r ii
u1 

= ( ~ ~ l ) P1 = 11 1/(0)1W) 
1 2  (25a)

\4 ir W/ L J

U 2 = (c o~ 2~~~
) ~1 t12

/ ( w
2W)] 

2 ( 2 5b)

2 1 
-

/c )~3n cos B 2 -t

4 i r  W ) p
3 

= [(13 cos B ) / ( w 3 W)]~

and

4 
~~~~ ~T (3r W) 2 r

- 2 ~. (25d )
( C

0 ~l~ 2~ 3 ~l~~2~ 3 cos B ) 2

where
AS = Ak r / ~ (25e)
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/

r e su l t s  in the  normal ized  coupled equ a t i ons .

- 
= — u2u3 sin ~ (26a)

du
—

~~
- = - 11111

3 
Slfl 0 (26b)

- du
= + 111112 sIn 0 (26c)

d~
and

-~~~~~~ = AS + (~
1~2 

— 
112113 — 

5 3 )  cos 0 (26d )

The phase equation tnay also be wr i t t en  as

dO cos O d 
-

- 
— AS + — [in(u1u2u3)]sin O d~

The phase equation can be integrated with a substitution from

Ea.(26c) to give -

cos 0 = ( F-  ~ AS u~ )/(u1u2u3) (27)

where

F = u
1
(0) 112

(0) u 3(O)  cos 0 + ~ AS u~~(O)

is a constant- of integration .
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Energy conservation , power conservation , and momentum

conservation for the three wave interactions are given by

the. thTe.e auxiliar~T equatiQn s

( 2 )

- 

1 = + + W
3
U~ (2 8 )

and

Ak - 
(U1-

U
2 

— 
U
2
U
3 

— 1 - 3\~] cos 0 ? ( 2 6 d )
r d~ \u 3 u2/j

Equation (28) is a normal ized version of W. The

relative phase between the waves is related to momentum

conservation through Ak by Eq.(26c1). Additional invariants

over L are der ived by substitution of Eq.(2) into - Fq.(28) giving

2 2N

m1 = U
1 

+ UI~3 
(29a)

in2 
= I 4 + U ~ 

- 

(~9b)

2 2
m3 U

1 
— 112 (29c)

which  are the  Manlcy— fl ow ’e 18 re la t ions .
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The solution of the normalized coupled equations is based

on integrating Eq.(26c) after substit uting the integration constant

F and the Manley-Rowe relations. The resultant integral is

I-

11
3
( 

~
) d(u

3
)

- 

~~ u~~(O) (u~~(m 2
_ u

~~
)(m

i
_ u~~) — (F — ~t1S u~~))2

(530)

The cubic polynomial  in the denominator radical suggests the use

of elliptic integrals as solutions. However , several algebric

manipulations are required to produce a standard elliptic integral

form . The denominator polynomial has roots tha t  may be ordered as
2 2 2 . . -113c > > U

~~a 
> 0. Two algebraic substitutions

2 _ 2 2 2 2y — (u3 — U
3 )/(U — 11

3
)  (3 1a)

and -

2 2 2 2
Y — (u~~ U3 )/(u3 — 113 ) 

(31b)

convert  the  in tegra l  expression to s tandard  eh lip t ic  in teg ra l s. 19

By p a r t i t i o n i ng  ~ into 
~ 

r + — the elliptic integral
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can be written with zero lower l im its as

(u

~ 

- u~~~) (~
(
~ [(1 -

y(O) dy
— 1 2 2 2 ~~~~~~~~~ 

-

[(1 —y ) (1 —~~~ y )j
2

The inverse operation of the elliptic integral is a Jacobian

elliptic function . The above equation re-written with the

Jacobian elli ptic functions becomes

Y(~~) sn[(u~ — U~~a)
2 
(~~~

+
~~~),y} 

(32a)

y(O) = sn [( u ~ - u~~ )~ (~~~),y) (32b)

The general solution for the normal ized u values is

u~~(I~) = U
~~a 

+ (u
~b 

— u~~) sn
2

~~~~~ 
— u~~)~~(~ +~0),y] (33a)

u~(~~) 1m 2 
— u~ (~~)) u~(0) + u~(0) — u~(~~) (353l~)

u~~~ ) [m~ — u~~~~)]= u~ (0) + u~~(0) — u~ (t.~) (33c)

where = F(sin~~~
[y ( 0) i ,Y ) / ( u

~~ 
- and F(~~,y) is a

standard elliptic integral .
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C. Special Case Solutions -

In this section the solutions to the coupled equations

given by Eqs. (33a, 33b and .33c) are investigated for boundary

conditions appropriate to up—conversion , sum and second harmonic

generat ion , mix ing and parametric amplification . Appropriate

approximations allow the elliptic functions to be reduced to

circular and hyperbolic functions in the non-pump depleted regime .

The frequency up-conversion process is described by the

input condi t ions

u~(0) = 0 (34a)

u~(0) < < u~(0) (34b)

causing 
~~~ 

0 and F = 0

where is the sum frequency , w
~ 

is the frequency of the highest

intensity wave , and 
~2 

is the lowest frequency which is up—converted .

The up-conversion solutions are

= u~(O) sn
2[u1(0)(  F + ~ ),y)

= u~(0) (l—sn
2[u1(O)(E + fl,~ 1)

= u~ (0) —u~~(0) sn2[u1(0)(E + F(), y)

Equations (31) and (34) yield ~2 u~ (O)/u~(0) << 1 making

possible the approximation sn(u ,y) sin u for 
2 << 1.

(

- - - - 
~~~~~~~ 1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- . 
- 

-

- 

-

. - - -

‘ 

- 

- 

- - - - .
-

- 

- -



Since y(O) = 0 from Eqs.(32) and (34) and 0, inverting

the normalized variables given by Eq. (25) yields the up—

conversion solut ions
12(0) 213(r) ~~~~~~~~ c 2

B 
sin (rft ) (35a)

and

I2( r )  19(0) cos2(rR ) - (35b)

1
1(r) I~ (O) (35c)

where

-a d f f ESI
l(0)J1R = u1(0) E/r = 

e - 

2U c ? 2~ 3 n1
n
2
n
3 cos 

‘ B c)2

For sum generation we assume the input conditions

u~ (0) = 40) (36a)

u~(0) = 0 (3Gb)

resulting in a denominator polynomial inside the  radical for Eq. (30)

of
2 2 2

u3(m1 — u 3)

The integration simplifies to

U ~~ d u —l= f 3 
[J/u 1(0)] t anh  [u

3
( O/u1(0)1

113(0) ~l 
— U3
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/

with the result that

_ _ _  
213(r) = 

~~3’~~l~ 
1 
2 tanh (r/~~~) (37a)

cos B

12(r) = 12(0) sech
2 (r/P

~~
) (37b)

11(r) = 11(0) sech
2 (r/P..

~
) (37c)

with

- 

12(0)/I](0) =

Sum generation reduces to second harmonic generation if the

further restrictions w2 = (~3 
= 2~ and Ii(0) 

= 12(0) =

I
~
(O) are applied yielding

212 (r) = - 

2 tanh ( r / P . . S H ) (38a)
cos B

1 ( r )  = 

~~~~~ 
sech2 (r/P.SH) (38b)

= 

‘a d f f  4[1~~(0)]~~
n1A 1 (n1 c co

) 2  cos ~

This is the familiar SIIG solution which is more directly derived

through an energy conservation argument.
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D. Parametric Amplification

Parametric ampl ification of energy at by a higher

intensity at is represented by -

u~(0) = 0 (39a)

u~(0) < u~ (0) (39b)

with 
-

2 2 2 2 2 2113a = 0 , U3b 
= m2 113(0) ‘ ~3c 

= m
1 u

3(0) 
+ ui(O)

and 
- 

-

1’ = O

Since y(0) = 1 from Eq.(31a), the elliptic integral becomes

F[sin~~ y(0) , y) = F(’a/2,y) K(-y)

and consequently - 
-

= K(y)/[u~~(0) + u~(0)]2

where K ( y )  is a complete e l l ip t i c  i n teg r a l) 9

The identity sn[u + 2K(y),y] = sn(u,y) transforms F.q.(33a)

to

= u~~(O) sn2{u3(0 ) (  — 
~~)/y ,y] (40a)

= ti~~( 0 )/ [ u~~(0) + u~~( 0 ) ]  • (40b)
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For convenience since B is a small. angle we set cos2 B = 1.

The parametric amplification solutions which follow f r o m  Eqs.

(25), (33) and (40) are

11
( r )  = I i ( O )  + (w

1/ w3) 13(0) (1 — Sn2 [(r — r0) / t ,i]) (41a)

12( r )  = (w 2 / w 3 ) 13( 0) (1 — sn2 [(r — r0) / ~.,~ J) (4th)

13
( r )  = 13(0) Sn

2 
[(r — r0)/P.,y] 

(41c)

where

r
-it d 

~~ 
[8l 3(O)j ~ —

l/ ~ = p
3

(o) F/ (yr)  = 
e 

(1 + Ii(o) w3/[13( O)  ~~ 1j )2

~C0n1n2n3 1 2 c)

and

n i  p 3( o)  
~~~ 

= K( y ) = 
~ 

in (l6~ l + 13(0) w 1/ 11(0) (A)
3])

where Eq. (25d ) and the above expression -for with an expansion

of K( ) using logarithm 19 have been used .

For small values o. t where pump depletion is not i m p o r t a n t

and
< u~ (42)

further equation developmen t is useful . A combination of
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E qs . ( 25 )  and (4 0)  res u l t s  in ( w 1/ w3) 13(0) Ii(0) 1
2
/(1 — y 2 )

wh i ch modi f i es E q . ( 4 1 )  to

11
( r )  = I i(0) + [1

2
/(1 — ~2)J h i(0) (

1 — sn2[(r — r0)/i ,y ’
J) (43a)

12( r )  = (w 2 /w 1)r 1
2/ ( l  — ~~~~ h

i
(0) (i — sn 2 [(r — r

0)/i,y]) (43b)

13( r )  = 13(0) Sn
2 
[(r — r0)/L ,y] (43c)

Identities of Jacobian elliptic functions followed by the

approximation ~2 = 1 permit the transformation

11
2
1(1 — ~2)] (I — sn 2C(r  — r )/i ,y)]) = ~2 sn2( r / i) / dn2( r/ i )

= sinh 2 (r/9~)

The result is the -familiar relations describing amplification in

the parametric approximation given by

11( r )  = Ii(0) cosh2( r / i ) ( 4 4a)

= I
i

(0) (~~1/w2) sinh
2
(r/ i) (44b)

- 13
( r )  13(0) . (44c)

This result agrees with the non—depleted pump parametric

amplification relations previously derived by Harris
8and Byer)1

The parametric amplification case w i t h  A k  ~ 0 for  the  range

tski < 2 (45)

2 2 2 .and U
1 

u
2 

< < U
3 

is also of interest.
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The denomi nator pol ynomial of  Eq . ( 30) f or Ak ~ 0 becomes

2 2 2 2 2 2

U
3

(m
2 

— u53) ( m
1 

— u.~) — (A S/ 2) (m2 - u3)

Except f o r  the chan ge f r o m  U
~~a 

= 0 to U
~a 

(A S / 2 ) 2 the

development proceeds in the same manner as the A k = 0 solution .

The n t  in F.q.(44) becomes

rh (40) [F/rI
2 

- tAk/212) ~

Introducing the parametric gain coefficient F0 defined by

2 2 ‘a
2d2 8 13(0)

u.~(0) [F/rI = 
c0
)
1
)~n1n2n3c 

(4 6)

allows the solutions to be written in a previously derived form
10

as -

11
( r )  I~ ( 0) cosh2 [ F 2 — (A k/ 2 )

2
]

2 
r (47a)

12( r )  (w 2/ w 1)11(0) sinh
2 [ F ~ — (A k/ 2) 2]2 r (47b)

13
( r )  = 1

3
( 0) - (47 c )

I I I .  COMPUTER METHOD S AND EXAMPLE SOLUTIO N S

Eval uation of Eq.(26) was accomplished by digital calculation .

A program w~ s developed to calculate T i , 12 , 13 an d 0 assumin g

plane waves w i t h  user supplied ini lial values. To initial i ze the

I-
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pro gram , values for c rys ta l length , wavelengths , r ef r a c ti ve

indicies, nonl inear coeff icient , and w a l k o f f  angle were entere d .

The finite difference technique used in the computer solution

provided a smooth transition between regions of no significant

pump deplet ion an d the high conversion efficiency regime . A

computer solution based on the evaluation of elliptic integrals

for the general analytic solution had difficulties in the region

of small pump depletion as noted by Bey and Tang.2°

A computer calculation for a parametric amplifier with only

a signal wave input , in addition to the pump , is plotted in Figs.

la and lb. Figure la represents the relative photon fluxes versus

the normal ized conversion length parameter ~ = r / 9. with the

associated r e l a t i v e  phase plotted in Fig. lb. These plots are

solutions of Eqs .( 41 ) .  The P 1 values are tile u~(~~) values

normalized by u3(O).

The relative signal to pump wave intensity ratio is arbitrarly

~~~~~~ in a range relevant to practical parametric amplifier

t ’ations. At the  optimal conversion point ~ , two practical

exaffiples of tile PUMP intensity help calibrate ~ . The value

of d0ff used for LiNbO3 is 5.58 . iO~~
2 

rn/V (A 1 = 1550 nm

= 3400 nm) and for  KD*P is 5.01 . lO~~~ m/V(A 1 = 580 nm

= 913 nm)  Append ix  I I  discusses a M i l l e r ’s A derivation of

the d.9 values needed to calculate d011 i n Eqs . ( 9 )  an d ( 10) .
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A computer simulation of parametric amplification for the

interesting case where both P
1

( O )  and P2(O) inputs in addition

to P3(O) are applied to the parametric medium is plotted in

Fi g . 2 .  The in put rat ios were arbi tra r l y chosen to be

P1
( O ) / P 3(O) = l.89~l0~~ an d P2(0) / P 3(O) = 1.59.10~~ wh ich are

near typical experimental values. Figure 2a is the magnitude

of  the rel at ive photon f luxes whi le  F ig. 2b plots the relat ive

phase from an arbitrary initial value of ‘a/4. A study of

F .q . ( 26d )  for  various input conidtion s suggests a first order

approximation of the phase as a linear function of ~ f r o m  the

initial value 0(0) to — -n/2. The value of 
~ 

, the approx imate

point where 0 first becomes —i~/2 , may be estimated as

= — [-ii/2 + 0(0)1

- 

d~

After the exponential conversion region the pump is depleted and

the phase changes to + ‘a/2 to begin the sum conversion process

which re—generates the pump . In Fig. lb the initial phase correction

process is irnmed i -’te at ~ = 0 since P2(O ) 0 in contrast  to

Fig. 2b.

A second program was developed to describe the parametric

in teraction for Gaussian time envelope inputs for the three waves .

The inputs include user supplied pulse widths , relative time offsets

and energy fluence values. The assumption of equal group ve loc i t ies

for each fie].d permits the i n p ut s  to be d i v i d e d  into time intervals
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with appropriate average intensity values. These intensities

become inputs for the first computer program . The sequence of

outputs are summed to provide an output energy per unit area , E(-~).

A result for th is type of calculat ion as a function of ~ is

shown in Fig. 3. The peak input intensities for the Gaussian

envelope f ie lds  are in a ratio w311(pk)/w 113(pk) 1.41 x io
_2

. The

result gives conversion efficiencies that are more realistic for

actual pulsed parametric amplifier operation . The Q. values

are time integrated values of u~ (F)/u~ (O). In Section IV another

computer calculation is considered which also takes into account

the transverse spatial variation of the input waves.

IV. PARAMETRIC AMPLIFIER EXPERIMENTS .

A. Introduction

Parametr ic  a m p l i f i e r  exper iments  were ca r r ied  out using

KD*P and LiNbO3 crystals which provide parametric amplification

over a tuning range that extends from 460 — 1400 nm and 1400-4000 nm.

The KD *P c rys ta l  was pumped w i t h  t he  t h i r d  ha rmon ic  of a Q- n wi t c h ed

Nd :YAG laser w h i l e  the LiNbO3 crystal was pumped d i r e c t l y  at 1064 n r n .

The parametri- c ga in , proportional to d~ 11/( ~1
A 2~~

) was of the same

order for both crystals. The - crystals were available in large sizes

of approximate ly 1.5 cm diameter by 5 cm long w h i c h  g r ea t l y

faci] itated the parametric amplifier measurements.

The pa rame t r i c  g a i n  measurement- s uti] ized KD*P crystals due

to the  excellent- op t i c a l  q u a l i t y  of a v a i l a b l e  c ry st a l s .  The LiNbO3

OPA measurements  were carried out in c o n j u n c t i o n  w i t h  a remote

a i r  p o l l u t i o n  m o n i t o r i n g  program which required hig h energy tunable
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radiation in the near infrared region .21 ’22 The LiNbO3 OPA served

as a final conversion stage for a 1064 nm pumped LiNbO3 parametr ic

oscillator source. The experiment emphasi zed the overal l conversion

efficiency to tunable output.

B. KD*P OPA Experiments
*

- 
The KD P OPA measurements were conducted to verify calculated

CPA gain val ues and the predicted angle tuning curve. Figure 4a

shows a schematic of the experimental configuration used to measure

parametric gain . Figure 4b shows the experimental set up which

used a dye laser input to verify the KD *P tuning characteristics.

In both cases, the laser source consisted of an unstable resonator

Nd :YAG oscillator /amplifier system which generated up to 700 mJ ,

7 nsec 1064 pm pulses at ten pul ses per second.23

For t he KD*P gain measurements 5~ of the 1064 tim beam

was selected by a beam splitter and t r a n s m i t t e d  throug h two polarizers

for variable intensity control . The beam was then transmitted throug h

a two to one beam reducing telescope which  was carefully adjusted

to provide a well collimated idler (w 2) beam i n c i d e n t  on the  KD*P

OPA c r yst a l . The m a j o r i t y  of the 1064 nm energy was doubled in

a 2 .5  cm KD *P Type Ii ang le phasematched c rys ta l  p roduc ing  250 mJ

pulses at 532 nm.  The r ema in ing  1064 nm energy was summed wi th

the  532 nm outpu t in a 5.0 cm ICD *P Type ] I angl e p liaseniatched

c r y s t al  t .o produc e  60 mJ , 6. 5 1)5 pul se-s of 355 nm e n e r g y .  A pr ism

dispe rscr  separa ted  t he  w a v el e ng t h s .  The h o r i z o n t a l l y  po] a r i zed

355 nm pump i n g  be am was reduced i n  d i a m e t e r  and coi l im ated  by
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1.7 to I telescope . The pump and input idler beams were

combined , passed through the KD *P Type I angle phasematched

parametric amplifier crystal , and separated with a prism prior

to detection. Small un iform intensity regions with an area of

7.85 x l0~~ cm2 were selected using apertures to allow accurate

measurements of the signal and idler fluences .24 The corresponding

input fluences for the pump and idler waves were also measured.

The gains obtained from the measurement of plane wave small

area cases are compared wi th  theor y in Fig.  5. The dotted l ine

is the intensity gain calculated using the non—depleted pump

approximation given by Eq.(47). The solid line corresponds to

i n t ens i t y  gains  calculated with the  input  idler and pump f l uences

as input in fo rma t ion  for the t ime dependent computer ca lcula t ions

described in Section III. The values of the calculation , including

time dependence and pump depletion , are in agreement within the

experimental, error of the measurements. Pump depletion becomes

more sig n i f i c a n t  at hig her i n t e n s i t i es  cons is ten t  w i th  the  inc reas ing

separat ion bet ’~. - -~n observed results  and the non—deple ted  pump wave

approximation .

A slightly modified experimental arrangement shown in ~ig.4b

was used to l)Crforln the KD*P tuning curve verification . The 532 nm

energy r e m a i n i n g  a f t e r  the summing c rys ta l  was used to side PU~ P

a dye l aser o s c il l a t o r .25 The pulsed dye l aser  provided an in p u t

s i g n a l  wave source -for the  p a r a m e t r i c  a m p l i f i e r .  The dye l aser

genera t ed ~ ns pulses  of 0.2 to 0.5 mJ energy wore t unab l e from

550 nm to 680 nm .  The i d l e r  wave genera ted  in the parametric
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amplifier tuned ‘from 1000 nm to 742 nm. The 355 nm pump beam

was reduced by a 1.7 to 1 telescope before combining with the

dye laser . The spat ial overlap of the dye laser Gaussian mode

and the unstable resonator pumping beam produced modest signal

wave gains of l.5,quitc adequate for tuning curve verification .

Figure 6 shows a comparison of the calculated and measured

phase match ing points for KD*P. The phase match ing curve was

determined from a Sellmeier expression26 for  the n0 and

indicies of refraction , (see Appendix II), combined with the phase

matching condition given by Eq.(4). The small walk—off angle

correction given by Eq . ( 7 )  was i n c l u d e d .

Computer calculations indicate that a substantial amount of

output energy should be available from a 5 cm KD*P parametric

a m p l i f i e r  pumped w i th  355 nm.  A 110 mJ pumping beam w i t h  an

unstable resonator transverse profile and a Gaussian pul se width

of 6.5 ns was mo deled by a set of three concentric rings of

graduated iiitensities. The 2 mJ dye i n p u t  pulses at 580 urn wi th

a Gauss Ian pulse w idth of 5 ns used the same ring model. The

initial calculations ignored pump beam walkoff. A second calculation

re—examined the energy contribution to the output from the most

intense dye ring t a k i n g  in to  account  the  wal koff d ispl acement of

the  pumping  f rom the  signal and idler . Without wal koff calculations

y ie lded  26 .7 rnJ s igna l  wave and 15.6 mJ o u t p u t  a t  an i d l e r

w a v e l e n g t h  of 913 nm.  Th i s  is an overal  .t conversion e f f i c i e n c y

of 38. 5~~. The c e n t r a l  dye r i n g  c o n tr i b ut  ed 17.4 rnJ of the  - s i g n a l
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and 10.3 mJ of the idler output energy . With Poynting vector

walkoff included , the central dye input  ring contributed 15.1 mJ

of signal and 8.9 mJ of id ler ou tpu t ener gy for an eff iciency of

20%.

These calculated results show that a carefully designed
*KD P parametric amplifier can convert a significant fraction of

the input pump energy to tunabl e signal and idler output energies.

C. LiNbO3 CPA Experiments

The LiNbO3 OPA experiments were designed to measure the OPA

gain and energy conversion efficiency. Figure 7a and 7b shows a

schematic of the LiNbO3 OPA experiments with a LiNbO3 OPO and

stimulated Rarnan scattering input sources. The angle tuning curve

for 1.064 pm pumped LiNbO 3 extends from 1400-4000 tim as shown in

Fig.  8. The design and operat ional  charac ter i s t ics  of the LiNbO3
OPO are considered in detail in a recent paper.27 For the present

OPA measurements the LiNbO ... OPO was tuned to an operat ing wavelength

of 1900 nn i for  comparison wi th  measurements which  used the  stimulated

Raman convert-er  ~~ the input source.

The LiNbO3 parametric oscillator operated at 56 rnJ input

1064 nm energy at two times above threshold. The singly resonate

parametric oscillator utilized a doubl e passed pump beam to reduce

threshold and improve the output stability. To avoid feedback into

the Nd :YAG source a Faraday ro ta to r  i sola tor  was emp loyed prior to

the 1. .5 — I beam reducing telescope and LiNbO3 OPO. The generated
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OPO output was transm itted through a polarizer pair for

variable attenuation prior to the LiNbO3 OPA .

The LINbO3 OPA was pumped by 350 mJ 8 nsec 1064 nm pulses

with the full 6.3 mm diameter near field unstable resonator beam .

The smal ler area 0.13 cm2 OPO signal beam was inciden t directly

into the  OPA to avoid extra optical components. Thus the input

2 . .beam d]dl not utilize the full 0.30 cm OPA gain region in this

experiment. A dichroic beam splitter was used after the OPA to

divert the residual 1064 nm pump energy prior to a power meter

which measured the total signal and idler generated output  energy .

Figure 9a shows the total OPA output energy available as a

function of input signal wave energy for  pump character is t ics

in tens i t ies  of 52 and 69 MW / cm 2 . Figure 9 shows OPA gain saturation

by plotting the  total signal plus idler energy output divided by

signal wave energy inpu t versus the signal wave energy input . The

52 MW/cm2 pump i n t e n s i t y  provides a gain of 55 , while a gain of

136 is realized for a 60 1~’m input in both cases. The LiNbO3 OPO

followed by a LINbO3 OPA provides the capability of efficiently

converting inpu t pump energy to tunable output energy in a manner

that is analogous to dye oscillator/amplifier sources.

A 1900 nm signal wave source generated by stimulated Raman

sca t t e r ing  in hydrogen gas was also used an an input  to the OPA .

The experimental  a r rangement  was m o d i f i e d  as shown in Fig . 7b by

s u b s t i t u t i n g  a long focal  l eng th  telescope and the  one meter . H 2
cell for  the Faraday  rota tor , beam reduc ing  telescope and para-

metr ic  o s c il l a t o r . In t h i s  case a 6 cm long L1Nb O 3 OPA crysta l  was
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used . Availabl e optics perm itted a better transverse spatial

overlap between the input Gaussian signal wave with spot size

= .5 cm and the unstable resonator pump wave than in the OPO-OPA

experiment. The one meter Raman cell , using fused silica windows,

operated at 20 atmospheres 
~~ 

pressure. The threshold for the

first vibrational Stokes wave was 18 mJ for a 1064 tim beam focused

50 cm into th e cell .

Figure 9b shows an unsaturated gain value of 140 for a

73 MW/cm2 pump intensity. This gain value was adjusted to an

equivalent  gain for  a 5.5 cm long OPA crystal  used in the  OPO

experiment. The change in transverse beam overlap significantly

improved the total output  energy available at higher input energies

since more of the available pumping beam area is now utilized .

Table I shows the measured parametric amplifier energy

conversion efficiencies from the pump to signal and idler waves

for various input pump energies . The measurements were done with

1900 nm and a pump beam area of 0.45 cm2. The conversion

efficiency increases from 10 to 20% for pump intensities from

2 -57.5 to 70 MW / cm . The e f f e c t  of the improved t ransverse  spatial

over] ap between the  parametr ic  osci l lator  d r i v e n  and the Raman

cel l d r i v e n  pa rame t r i c  a m p l i f i e r  is e v i d e n t .

The possibility of extracting additional infrared output

energy and more convers ion e f f i c i e n c y  from the  pump laser beam

was con I rmed by an expe r imen t  w i t h  two sequent ia l  pa ramet r i c
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amplifier crystals. The experimental confi gurat i on was sim ilar

to Fig .7a , but with the polarizers between the parametric

oscillator and amplifier source remo .’ed . A 4.1 cm crystal was

located after the pump beam and input beam combining beam splitter

followed by a second 5.5 cm long LiNbO3 crystal . The amplified

signal  plus i d l e r  energy was measured following the 1064 nm pump

beam diverter. All three waves traveled directly from the first

crystal to the second . The signal wavelength was chosen as

1900 nm with the idler at 2420 nm.  The 8 ns PUM P pulses had an

energy of 248 mJ/pulse with a pump beam area of 0.45 cm2. The

measurement results arc shown in Table II. The second crystal.

does provide an increase in conversion efficiency from 4 to 13%

for the signal wave driven case. In addition , the removal of the

polarizer permitted the excitation of the first LiNbO3 crystal

by both the s ignal  and idler waves f rom the  parametr ic  oscillator.

A com~ i son between the  two crys ta l  sequence exci ted by the  si gn al

wave on ly  from the  paramet r ic  o s c i l l a t o r  and s ignal  plus idler

shows an increase  f rom 32 mJ o u t p u t  to 43 mJ w i t h  a convers ion

efficiency change from 13% to 17.4%.

Figure 10 illustrates the  input  and ou tpu t  spectra for  the

Raman cell driven parametric amplifier . A 4 .0  mJ input  signal

wave at 1,900 nrn was used . The pump energy was 262 rnJ w i th  an

ou tpu t  s ig n al  wave energy of 23 mJ .  The output  I i new i d t h  is

predomi nate] y cont ro l  led by the i n p u t  b a n d w i d t h  of 0.4 crn~~ w i th

some b r o a d e n i n g  due to (WA g a i n  s a t u r a t i o n .
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V. SUMMARY AND CONCLUSIONS

The theoret ical  de r iva t ions  of Section II reviewed and

extended the  coupled wave equation analysis for parametric

amplification . The connection between the solutions including

pump depletion and earlier derivations assuming non-depleted

pump waves was es tab l i shed .  A pract ica l  method of gen ’~r a t i n g

the Jacobian elliptic pump depleted solutions with a computer

program was demonstra ted . As an example , the case of a parametric

ampl i f i e r  w i t h  w~ an d w3 inputs  where relat ive phase is

important in the conversion process was considered . A second computer

code was w r i t t e n  which  i nc luded  a Gaussian pulse  t ime dependence

for the  parametr ic  ampl i f i e r  i npu t s .  This model gave more r ea l i s t i c

conversion efficiency values . Smal l area gain measurements in a

*KD P parametric amplifier verified the (WA theoretical calculations.

The KD*P ang le  t u n i n g  curve for  355 nm pumping was also c a r e f u l l y

measured . The computer  cal c u l a t i o n s  were -extend ed to include beam

t ransverse  pro f i  les which inc luded  a f i r s t  order correct ion for

pump beam P o y n t in g  vector w a i k o f f .

S ig n i f i c a n t  va lues  of gain  in a LiNbO3 parametr ic  a m p l i f i e r

of g rea ter  than  50 fo r  both s ig i i ~tl  and i d l e r  waves f rom an i n i t i a l

s i g n a l  wav e i .nJ)u t were demonstrated . The impor tance  of the

ana1,~’ti,cal derivat ions were underscored by t h r .  s a tura t  ion behavi or

of  the LiNh0.~ p a r a m e t r i c  amp i if icr wh ch genera ted  50 mJ of o u tp u t

en ergy  f o r  ~i ‘i mJ i npu t. energy  wi t-h a conver s ion  o f f  ic i ency from

t he pump of  22 - 5~ . Fl n a l  I y , add I t I onal  g a i n  an d  convers ion

e f f i c cnc~’ w:i ’-’ d e m o nst r a t e d  by a two c rys t a l  paramet rlc  am p l i f er

a r r an g e m e n t .
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The avai]ability of high optical quality KD*P and LiNbO3

nonl inear crystals and the high peak power near diffraction

limited Nd :YAG pump source has led to a practical demonstration

of optical parametric amplifier capability. The OPA advantages

include: a wide tuning range; high gain in the forward direction

only, thus avoiding the need for isolation ; a relatively narrow

bandwidth and narrow angle gain profile which avoids super—

fluorescence probl ems ; and high conversion efficiencies in

saturated gain operat ion for efficient power amplification . These

properties make parametric amplifiers useful for amplification of

dye lasers , F—center lasers , parametric oscillators and tunable

outputs generated by mixing or summing processes. The advantages

of parametric amplifier s which are well known in the microwave

region should apply equally well in the optical region .

ACKNOWLEDGEMENTS

This work has been supported by ARO , AF0S1~ and NSF/RANN

division . We wish to thank Mary Farley for her preparation

of the manuscript.

- 56 -



4J~~~ ~ E E
E ~~ 

p-~ ~~~

0 0 E
4-~~ -~~~) 0 -

0 ~ ~ H
N H H ~~4 to

0 0

N ma )
i-i

~~ ~~ tO (0
C~) N (0 ~Y) .

0~~~ . . . . a) c’~O N  ~~ ( 0 - 0 )  i-4 C’~

E
4 ) bL E E SN ~~~~~~~ ~~ to to
P~~) C’) N tO 0 0 C’~cx: . . . .

0 0 — c’~ c~ ~~~‘cx:

C’)
0
•0

•rl
~-4 ~ * *rl Q) - . *  S S
N 0 c~~ 0 0 0 0 0  ~ 0 0

- c~~ r—4 C~~r~
d~ ~~~ ~~ 5~ -i 5 r-l
c~ Q .

~~ Q 
. . . . c~~ W c~~~) r-~~~ 0O0 0 0 0 d~ O ~~~~QN 0 0

0
‘-I n i l

N C’~I C’~ C~.5 5 5 W a )
C.) C.) 0 C ~l C’.) C.) ~, ~-i

0 — — 
~~~~ S S S.,-~ ~~ 0 C.) C)

Cl) ~—. .. ‘ -

N 0. 0) to to tO
E 4 - ~ . . .

N N N 0) C’) C’) ~~~~~~~0 0,~ -i to If) to CD N N CI) CI)
0

____ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

4~) 4~)_ _ _ _  — _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 . 0 .

N
* *N *

~) ~~i
bL S S S S S E

S W  C’) C’) C’) C- (0 CD
— ~~~ — to c~C~ C’.) C~ C~) C’) C’)

- 57 -

- --



TABLE II

SEQUFNTIAL PARAMETRIC AMPLIFIER PERFORMANCE

Crystals at Input Energies Signal and Energy Conversion
Phase- from O.P.O Idler Output Efficiency
natching Signal Idler After Second
Angle Crystal

I Only 2.5 mJ 0 14 mJ 
- 

4 %

2 Only 2 . 5 mJ 0 l4 mJ 4%

1 , 2 2.5 mJ 0 32 mJ 13 %

1 , 2 - 3.0 mJ 2.4 mJ 43 mJ 17.4 %

* Input Pulse Width 5 ns

* 2Input Pulse Area = 0.13 cm
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APPENDIX I

CRYSTAL ACCEPTANCE ANGLE AND BANDWIDTH

The phase velocity mismatch factor is defined by

.~~ .~ .~ (A.l)
A k = k 3 - k 1 - k 2

The geometry of Fig. A .l illustrates the momentum vectors and

associated angles . Assuming small angles for ~ and i,& and

taking into acc ount various contribut ions to A k by Taylor ’s

series expansions , the  momentum mismatch  expression becomes

______ 

2
Ak = (w 3/ c)  ‘ AO + g ç

~ 
— bAw 1 , (A . 2)

- em

where

~nQ (O) 2 2 2 -  2
= n n / [ n  sin 0 n cos 0]’e o  o m e m

g = k1k 3/2k 2

and

ak
b =— 1 - —-~
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The first term represents an beam acceptance

angle in the horizontal p lane with the w1 in put beam at

angle from the crystal opt ic ax is. The second term is

either the beam acc eptance angle in the vert ical plane

- with fixed or the w1, acceptance angle in any plane wi th

fixed . The final term relates Ak to broad linewidth

28,29
inputs.
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APPENDIX U

NONLINEAR COEFFICIENT VALUES BY MILLER’S A SCALING

The value of d(—w3 ~~ 
or in cond ensed no tat ion

d11 (see BK) is estimated by u t i l i zi n g  Mil ler ’ s A . 3° The

nonlinear tensor element is related to Mi ller ’s A and linear

susceptibilities by
31

dijk 
= Co 

A
1~~~ 

X
1~~~~1

) X11~~~2) ~kk~~ 3~ 
(A2 .l)

where
(n~ — 1) at

2 at

2
k k e ~~~~~ 

at CA)
3

and -

A ijk 1.13 x 10 2 for LiNbO3 d31

5.99 x 1O~~ for LINbO3 d22

A jik 4.04 . io 2 for KD*P d 14

from Choy an d Byer ~30

The indicies of refraction for LiNhO
3 are available from

previous n ieasurements ,32 w h i l e  the index values for KD*P have been

- 61 -
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curve f it to the follow ing Sellme ier equations26 at T = 25°C

for ~~in vm .

1.23137 0.2771624

n 2 (K D *P) = 1 .012233 + ~~~~— +
0.83818 x io

_2 
15.00

1.00 — 

2 1.00 — ___

A A

1.193722 O.9423G75
2 *n (KD P) 0.933294 + 

—2 
—e 

0.7481954 x 10 15.00
1.00 - 

2 1.00 - ___
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VI . FIGURE CAPI’IONS

1. Computer solutions of Eqs.(26a—d ) for P1(O)/P3(0) =

1.89 x l0~~ , P2(O) = 0

a) Plot of relative photon flux magnitudes versus ~ where

Ii P.W(fl3~~./n.~~3).

b) Plot of the phase angle 0 versus ~ -

2. Computer solutions of E q s . ( 2 6 a— d )  for P1( O )/ P 3(O) =

1.89 x lO~~ , P2( O ) / P 3(0) = 1.59 x l0~~~.

a) Plot of re la t ive photon flux  magni tudes  versus ~ where

Ii = P1W ( n 3w . / n . w 3) .

b) Plot of the phase angle 0 versus ~ start ing at an

initial phase of +45~ -

3. Time dependent computer solut ions  for = 
~~ 

0.75

Q1(0)/ Q 3(0) = 1.41 x lO
_2 

, Q2
(0) = 0 whore the Q values

are the time integrated values of u~( ~)fu~(O) . The output

f luence  is F,.( t) = Q1W(n3w1/n.w3).

4 .  Exper imenta l  c o n f i g u r a t i o n s  for  the  KD *P OPA i n v e s t i g a t i o n s .

*a) Set up for the measurement of small area KD P OPA ga in .

b) Set up for the KD *P t u n i n g  curve v e r i f i c a t i o n .

5. Signal  (u 1) and idler (w 2 ) i nt e n s i t y  g a i n s  vs pump i n t e n s i t y

*for a KD P (WA pumped at 354 nm.  The es t imate  is the para—

metric approximation given by Eq.(47). The calculation is

based on the time dependent solutions of Eq.(26).
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F IGURE CAPTION S - cont.

6. Angle tuning curve for a KD*P OPA Type I phasematched

with 355 nm pump at T = 25°C. The solid curve represents

a computer calculation by Herbst.26 The input signal wave-

lengths are shown by the lines and the observed output idler

wavelengths by the solid dots.

7. Schematic of the LiNbO3 OPA experimental configurations

a) LiNbO3 singly resonate OPO source

b) A 1064 nm pumped 
~2 s t imula ted  Raman source at A 1 = 1910 nm.

8. Angle tuning curve for the LiNbO3 OPA pumped at 1064 nm

at T = 25°C.

9. a) LiNbO3 OPA energy output vs input 
signal energy for the

OPO and stimulated Raman 1900 nm sources.

b) LiNbO3 OPA energy ratio vs input 
signal en ergy for the

LiNbO3 OPO and st imulated Raman source input s.

10. a) 4 mJ , 5 nsec input  spectrum at 1910 nm to the LiNbO 3 OPA

genera ted by s t imula ted  Raman sca t ter ing in 112 pumped by 1064 am

b) LiNbO 3 OPA output  spectrum at 23 mJ out put energy .

Al. k—vector diagram showing phasematching angle 0m and

signal (k 1) and idler (k 2 ) ang les wi th  respect to the pump

(Ic 3 ) vector .
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OPTICAL PARAMETRIC OSCILLATOR
THRESHOLD M~D LINEWIDT H STUDIES

S.J. Brosnan and ILL. Byer
Applied Physics Department

ABSTRACT

This paper presents a detailed study of the optimum

des ign parameters for the LiNbO3 parametric oscillator .

Theoret ical and exper imental  stud ies of the OPO threshold

parameters and of l inewidth control are presenteth Cons ideration

is given to practical factors that limit OPO performance such as

laser beam quality and crystal damage mechanisms . In addition ,

stable single axial mode operation is reported .
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OPTICAL PARAMETRIC OSCILLATOR
THRESh OLD AND LINEWIDTH STUJ)IES

I.  INTRODUCTION

The optical parametric oscil lator (OPO) has been

extensively studied and developed since Giordmaine and Miller

first demonstrated parametric oscillation in LiNbO3 in l965)~

Following early rapid progress reviewed by Harris in 1969,
2

work in parametric oscillators has proceeded at a more deliberate

pace as summarized in more recent reviews by Dyer3 and by Smith.4

The development of large , good quality LiNbO3 crystals
5

led to the demonstration of the Nd:YAG laser pumped 1.4 — 4.0 ~m

angle tuned LINbO3 OPO by Herbst et . al . ,
6 in 1974. The early

results were soon extended to higher output energies and narrower

linewidths by flyer et. al.7 These improvements led to the

application of the LINbO3 OPO source in remote air pollution

sensing ,
8’
9 

laser induced chemistry ,’° and laser isotope separation
11studies .

To date there has been no detailed study of the optimum

design parameters for the Li.Nb03 OPO tunable source. This paper

fi l l s  tha t  gap by present ing  theore t ica l  and exper imenta l  studies

of the OPO th reshold  dependencies and I i newid th  control . Consider-

at ion 1.S also given to practical factors that limlt  the OPO

p erformance  suc h ~is laser beam mode q u a l i t y  and crys ta l  damage

m echan i sms  and l i m i t s .
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A model for describing the time dependent OPO threshold

pump f luence is int roduced in Sect ion I I .  The model an d

computer simulated results are compared with detailed experimental

measurements of LiNbO3 OPO threshold as a func t ion of important

parameters such as pump pulse width , cavity length , out put

coupling and pump spatial mode parameters . The LiNbO3 OPO

operating limits and pump laser requirements are determined by

crystal damage. We , theref ore , present results of damage studies

in Section III. In Section IV a model describing the LiNbO3 OPO

linewidth is presented . The model considers the effects of a

gra t ing ,  beam expander and etalons wi th in  the OPO cavity. Using

a grat ing with two et alons we have successf ul ly  demonst rated
V stable single ax ial mode operat ion of the LiNbO3 OPO .

The theory of parametric oscillation requires an under-

standing of the parametric amplification process in a nonlinear

12medium . In an accompanying paper Baumgartner and Byer have

t reated optical parametr ic  a m p l i f i c a t i o n  (OPA) in deta il .  We

refer  to the OPA resul ts  in our theoret ical t reatment of the

optical parametric oscillator .

II. OPO THRESHOLD -

A. Theor y

In this section a model is developed describing the

th reshold pump intens ity  of a pulsed singly resonant oscillator

(SRO) including the effects of Poynting vector walkoff. Simplified

expressions for 0l’O threshold are derived for the cases of a

- 84 -
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simple SILO and also for the double pass pumped version (DSRO).

A schematic of the simple oscillator is shown in Fig. 1. A more

complicated resonator , which includes line narrowing elements , is

easily treated in this model by generalizing the definition of

re f lec t ive  cavi ty  loss R to include all cavi ty  discrete losses.

The tun ing  curve of the LiNbO3 OPO is shown in Fig . 2.

Consider a parametric oscillator with a plane-parallel  two

mir ro r  cav i ty .  Such a c o n f i g u r a t i o n  in a laser is uns t ab l e .

Here , however , the Gaussian gain profile generated by the Gaussian

pump quickly confines the resonated signal wave and stabilizes

the cavityJ3 A discussion of this effect and a method for

calculating signal spot size are given in Appendix A .
V 

In the slowly varying envelope approximation the equations

describing the collinear OPO fields in terms of complex phasor

amplitudes , assuming no pump depletion , are g iven by

dE 5 . * jAkz
— + ct~ F5 = j K E~ E 1 e
dz

(l a )

* iA k z
— + ci.. F . = j 

~.. F H e
dz 1 1 1 ~~~ S

where the  ct ’ s are f i e ld  absorption c o e f f i c i e n t s, a is the spatial

coordinate  in the propagation di rec t ion  and = ~~ 
— —

defines wavevector  mi sma tch .  ‘ri-ic i n t e r a c t i o n  coefficients

K m are d e f i n e d  by t h e  f o l l o w i n g  equat ion ,

- 85 -
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= 
Wm deff m = s,i ( 2)m 

~m

where deff is the e f f ec t i ve  nonl inear  c o e f f i c i e n t  and

is the refractive index of the nonlinear crystal at angular

frequency Wm for the signal or idler wave.

In Eq.(l) the signal and idler fields are driven by the

polarization waves possessing a spatial profile determined by

the product of two field profiles . We assume that the idler

wave is not resonated and is free to accept the profile of its

driving polarization . The signal wave , however , is rosonated .

Its driving polarization must be expanded in cavity eigen modes

to find the fraction of generated signal field which is coupled

into the TEM mode of the resonator . Coupling coefficients
00

of this type have been calculated by KoKelnilc14 and applied to

01)0’s by Boyd et .al)5 and Asby .16 There ,- however , it is convenient

to- include the pump Poynting vector walkoff into the coupling

coefficients for both the signal and idler waves. These co-

efficients and a solution to the coupled equations for the case

= = a and Ak = 0 are Viven in Appendix  B.

The id ler  f ie ld  is assumed to be zero at the  entrance  to

the c ry s t a l .  The s ignal  f i e l d  at the  end of a crys ta l  of

length i is given by

— 
E5( i )  = E5(o)  e~~~ cosh r2’ (3)
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where

r = J K K.g ~~~~E~~~ 2 (4 )

is the parametric gain coefficient .

Her e g5 is the signal spatial mode coupling coef f ic ien t

defined in Appendi x B by

2

g 
~ 

4)s w -~~+ w
p S

where W and W are the Gaussian mode electric field radii.

An e f f e c t i v e  parametric gain length .‘T is introduced where

erf (
~ ~

) (5)

The wa lko f f  length 
~~~

,, is given by

w J~~
2 + 2

/ 2 
(6)

2 p

where p is the double refract ion wa lkoff  angle . The walk off

length is closely related to the aperture length previously

introduced by Boyd et . a]  •
15 For large a rguments  the  error f un c t i on

approaches u n i t y .  Therefore , the walkoff length 
~~ 

is the

e f f e ct i v e  g a i n  l eng th  for an i n f i n i t e l y long c rys ta l .
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The single pass signal power gain from Eq .( 3) becomes

_ _ _ _ _ _ _ _  
—2~ 2. 2

2 = e cosh ~~ (7)
1E5(0) I

For pulsed OPO operat ion , the buildup to threshold may be

calculated by assuming a Gaussian t ime prof ile for the incident

pump intensity which yields a time dependent gain coefficient r

described by

r = r0 e
t/T)

2 
(8)

where T is the l/e
2 intensity halfwidth o the pump pulse.

The generated signal wave is amplified as it makes m cavity

t ransi ts  from an in it ial  parametr ic no ise power .17 During a

single cavity transit the pump intensity is assumed to be constant ,

or equivalently , T >> c/n
1~
9.. . For pass m , the signal power is

from Eq.(7),

~m--1 
[R e

4
~~ cosh2[r e

_ (t
m /T).fP]] (9)

The factor in brackets is the instantaneous cavity net gain .

Equation (9 )  can be easi ly iterated numerically to compute

threshold , incrementing pump intensity until a defined threshold

is reached . For the ca lcu la t ions  presented here , th reshold  is

d e f i n e d  as a s ignal  energy of 100 ~‘J , g i v i n g  a threshold power.

— to noise power ratio of 2
~
?
~~
P
m h/Po

) 33 . I t  is shown in the next

- 88 -



section that this numerical model is in exce llent agreement

with exper iment .

A simpler model is desirable ,however , for opt imizing the

OPO parameters t ha t  a f f e c t  t h r e sho ld .  To allow i t e ra t ive

calculat ions  we in t roduce  a t ime independent  ga in  p r o f i l e  of

wid th  t and magnitude 1’ . The w id th  is de te rmined  by the

t ime over which the  pa ramet r i c  osci l la tor  has net ins tantaneous

gain greater than unity. From Eq.(9) we find that

V F 2 ~0

~~ = 2 T  2.n (10)
/1

£n (— + SI — . — 1
\~
‘
~~~ V R

where the re lat ion cosh~~ X
V
= ~ 11(x + — 1) has been used .

Next , we relate the  square pulse he ight  ~ to the  Gaussian

peak r . For consistency the total gain of the square pulse must

equal the  to ta l  gain of t he  Gaussian case , or

2.n cosh
2 

~9 
= ~ fl 1hI q cosh 2 [ r 2 7 e t

q I~T)
2

)j

= 

~~q 
~n cosl 2 [1. gV~~~_ ( t

q / T ) } 
(11)
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For T >> 2L/c, this summation may be approximated by an

integral . If in addition the hyperbolic functions are

approximated by exponentials , we obtain

~~

— er f (~~/ 2-r )
= F0~ —

~~~~ — 
(12)

T/ 2 T

Let threshold be reached after the p ’th round trip, where

p = cT/2L with the optical cavity length L given by

L = L~ + (n—i ) 9. . (13)

Here L and 9. are the cavi ty and crystal  phys ica l  l e n g t h s .  Re-

writing Eq.(9) in the form

Ln(P /P ) p in R - 4 pai + 2 p in cosh i~SZ’

and making  the exponential  approximat ion t h a t  cosh a = ~ exp 2cz

we find

= L/c~ in Pa /P + 2a 9. + 9 .n ( l/ /~~)+ in 2 (14)

This eq uat ion has the clear physical interpret ation of a gain

equals loss threshold c o n di t i o n . The f i r s t  term is an e f f e c t i v e

loss du e to the bu ildu p time durin g pu lsed oper at ion . The

following terms describe distributed crysta] absorption losses

and the  cavi ty  output  coupling loss . The f i n a l  te rm in2 is duo

to the SILO operat ion.

Su b s t i t u t i n g  E q . ( ] 4 )  in to  E q . ( l 2 )  we have f i n a l l y

r .‘i 2/v’~ 
—----

~~
-----— L/c~ 9 .n (P /P )-~- 2a2. -f in (//ii)-i in, 2

er f ( ~ / 2 T)
(15)
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Now Eq.(1O) and Fq.(15) are iteratively solved for ~

alid

The threshold pump peak intensity using Eqs.(2) and (4)

and the relation = nc is

10 = (r0~)
2
/Kgf

2 
(16)

where
22 ~A) ~~~~. d

K = 
s i eff ( 17)

n fl -n c C~’S i p o

For LINbO3 we calculate in Appendix C that d~~~~
S.72 ~ m/V ,

giving 2’I 10 cm \ 1
K = (9.33 x 1O~ — (18)

~MW 
1

with ~‘ s in cm.

The energy fluence (energy/area) threshold is calculated

by integration over the temporal intensity profile and gives,

T 1
0 

= j
~ 

T (~
‘
6~ ’) 2

/ K  g 2 2 (19)

where is found from an iterative solution of Eqs.(lO)

and (15) and .~’ is given in Eq.(5).

For threshold f luence est imates one can s i m p l i f y  the model.

f u r t h e r  by assuming ~ is f ixed  at 2 T , which is approximately

t rue  for  most OPO c o n fi gu ra t ions .  Wi th  t h i s  assumpt ion  from E q .( 1 2 )

(
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and Eq.(14) we find that r 0.q’ 1.34 i~~~so that  the energy

fluen ce is direct ly given by

2.25 L p i 12
2 T —

0 Kg 2? 2TC P ,Ip.
S 0

(20)

These are the SRO threshold fluence values for a Gaussian prof ile

t ime dependent pump pulse.

A reduction in pump fluence threshold and some enhancement

in OPO ener gy eff iciency18 may be obtained by back reflecting

the pump radiat ion to double pass the OPO thus creat ing signal

gain on both the forward an d backward t rans its of the cryst al .

If we let y be the ratio of backward to forward pump field

amplitude inside the crystal , then the DSRO relat ion analogous

to Eq. (9) is

~m—1 
R e 4

~~ cosh2[r 02? e_ (tnIT) ]cosh2[r 6Ty e
_ (tmhfT)

2
1

(2 1)

If the square gain model is applied to the DSItO , the resu lt is

1 L P ’  1 1
= ____ __ _  ~n (_~!) + ~n — + 2ct 9. + 2~n (22)

1 + y  CT
B \P0 J

where ~ is determined from

R cos i~
2 

[r0
~~e

_
~~ /21)2] cosh2{r0~~ Y e~~~~2T)2] 1 (23)
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This equation is satisfied only on the wings of the gain

envelope , so arguments of the hyperbolic COSineS are small.

In this approximation it can be shown that cosh ~ ~coshx)~
2

We then obtain

cosh 
~
ro
2?e_ (T/2T) 

~ 

l+y2 
= — (24)

Thus T is given by Eq.(10) with R replaced by R’

1

R
# 

= ( R ) ’~
1 (25)

A calculation of the DSRO relation between F and F shows
0

that Eq.(l2) is valid for a DS1IO also . We obtain for the threshold

gain ,

2 
~ r /2T / I \ I L ,p \ 1

= — J — ( H— ~n (— ~
1 J + 2 ~~~ + L n — +~~n 4o 

~~ [ orf( ’ r  / 2 r )  \l + j . CT \P0/

(26)

Now Eqs.(10 and (26) are solved iteratively to find F02? , and

threshold f luence  J0 is foun d~~from E q .( 19 ) .

The estimated threshold fluence for T = 2t is given by

2.25 T L 2
J -

~~ 
——-

~~~~~
--— — 9~n 

(
__q)+ 2cz 9.. + in — + in 4

(1 + y)2 2ci P0

(27)

(
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In the model described here , an implicit assumption has

been that the pump beam is collimated and has a uniform phase—

front of high optical quality. For an SRO the requirement for

pump collimation is somewhat relaxed since the idler wave is

free to propagate noncollinearly with phasematching being

preserved . The OPO threshold is not strongly dependent upon

pump collimation if the divergence cone angle is roughly less

than the Poynting vector walkoff angle.

However , threshold can be marked ly increased if the pump

beam optical quality is nonuniform . If a transverse phase

variation dtP/dx is introduced , then as the pump traverses the

crystal with Poynting vector walkoff in the x direction , the

generated signal wave sees a pump with a changing phase where

= (28)

From Eq.(l) we see that the transverse phase variation acts as

an effective phase mismatch and reduces OPO power gain by

sine2 ~P~(i).
2 The critical phz’~ e variation value is set by

d~ — 
ii

In a 5 cm LiNbO3 OPO crystal the critical phase variation is

approx imately a quarter wave phase change per mi l l ime te r  of

transverse d imension .  u g h  quality lenses can easily meet this

(
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requirement , but commercial grade elements may not . In any

case, near d iffraction lim ited pump field and imaging optical

components are recommended .

B.. Experimental  Results
L

In this section the ~R0 theory and simplified model results

are compared to e~cperimental measurements b r a  LOG pm pumped

angle tuned LiNbO3 SRO. The pump source is an unstable resonator
19Nd:VAG oscillator operated in the far field where the central

lobe o~ the modi f i ed  Airy  disk func t ion  closely approximates a

Gaussian beam . The SRO threshold energy f luence is determined

as a func t ion  of cavi ty  length , crystal length , signal wave

output coupling, pump spot size , and pump pulse width. Agreement

with theory is very good for the highest quality LiNbO3 crystals

and input pump beam profiles.

In making these measurements a total of 26 LINbO 3 crystals

were tested over a n ine  month period .20 The threshold energy

fluence of the best crystal tested agreed very well with theory

and was used to scale the experimental  data to test the theory .

The threshold energy fluence for an average crystal was 1.7 times

greater than  tha t  of the best crystal . The s tandard devia t ion

in threshold f luence  for  the c r y s t a l s  tested was 0.45.  Thu s the

best crys ta l  was except iona l  and as yet not genera l ly  reproducible.

(
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The Nd :YAG laser pump beam phasefront  q u a l i t y  was

another critical factor for an accurate experimental to

theoretical comparison of th reshold .  Beam d is tor t ion in the

output of some Nd :YAG lasers is severe enough to prevent OPO

oscillation . In such cases propagation to the far field to

allow diffraction to clean up phase perturbations may help.

Beam reduction or expansion telescopes using commercial grade

lenses induced enough wavefront distortion to increase the OPO

threshold by 60%. It should be noted that the near field phase-

front of the Nd :YAG laser source used in these experiments was

of good quality as determined by interferornetry and by the

fractional conversion to the central lobe of the far field Airy

disk profile.

The simple SRO cavity configurations are shown in Fig. 1.

Figure 2 shows the LINbO3 ankle tuning curve and the crystal

gain bandwidth determined by crystal dispersion . For the

theoretical-experimental comparisons discussed in this section ,

the simple SRO configuration was used .

Figure 3 shows the measured 8110 threshold fluence vs

cavity length for a 4 mm diameter , 20 nsec duration pump beam .

The solid line is derived from the numerical solution of the

SRO threshold condition given by Eq.(9) and is in excellent

agreement with experiment. The nonl inear coeffic ient used for

the theoretical calculation is discussed in Appendix C and yields

the gain constant given by Eq.(l7). The dashed line showing the

simplified square pump pulse model results given by Eq.(l9) is
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within lO~ of the numerica l  r e su l t s .  Figure :i shows tha t  the

simplified threshold mode] is of adequate accuracy for design

purposes. Its advantage lies in the ease with which it can be

appl i ed to OPO design calculations where a number of variables

a f f e c t i n g  threshold are considered .

The SRO threshold fluence vs LiNbO3 crystal length is

shown in Fig. 4. For these measurements a number of different

crystals of comparable quality were used to minimize scatter in

the measurements. The threshold values were then scaled to the

value in agreement w i th  the best 5 cm long crystal  tes ted.  The

e fect of pump beam Poynting vector walkoff is evident for the

longest crysta ls  tested . From the  model and these measurements

the optimum crystal  length  is approximately  5 cm .

The SIlO threshold fluence dependence on signal reflectance

is shown in Fig.  5.  The data was taken by using a series of

mir rors  coated for  a range of signal reflectances. However , each

mir ro r also had a d i f f e r e n t  r e f lec tance  at the pump and idler

wavelengths . The data points  have been i n d i v i d u a l l y  scaled

according to the DSRO to SIlo ra tio  to reduce the  var ia t ion on

threshold  duo to pump f eedback . .  The present model does not

include the e f f e c t  on SIlO threshold of varying amounts of feed-

back at the id ler  fi e ld .  The problem of pa ramet ric  a mp l i f i c a t i o n

w i t h  both signa] and i d l e r  present was discussed in the  previous

paper. 12 I t  was shown that. if the  id ler  is present , hut  of the

i n co rr ect  phase , the  pa rame t r i c  gal n in the  crys ta l  is e f f ec t.  i vol y
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delayed until the phasing is corrected. The re—phas ing occurs

by idler dep let ion to noise followed by re -growth  at the proper

phase and thus reduces the e f f e c t i v e  c rys tal  gain l e n g t h .  The

error brackets in Fig. 5 are an estimate of this effect.

The pump spot size dependence o parametric gain for

cr i t ical ly  phasematched in teract ions  is well known .15 Fi gure 6

shows the first experimental verification of the decrease in gain

for small pump spot sizes as a result of Poynting vector walkoff.

The model and experimental results are in good agreement and

show that for a 5 cm lon g LiNbO3 8110 pump , spot sizes of 4 mm

diameter or greater are preferred to minimize the threshold fluence .

The model can also be applied to the OPO pumped by the

near field unstable resonator beam profile. The measured and

calculated threshold f luence  for  the near f i e l d  pump beam is 50%

hi gher than  that  for the fa r  f i e l d .  Therefore  to obtain the

lowest opera t ing  OPO threshold fa r  f i e l d  conversion of the  unstabl e

resonator mode is preferred . In the  present exper iments  the  f a r

field conversion was accomplished by propagating the beam for a

distance of 20 m Ly mul tipl e reflections between plane mirrors .

The pump pulsewidths dependence of threshold Iluence is shown

in F i g .  7. The pump pulsewidth  was adjus ted by opera t ing  the

Nd :YAG oscillator at varying degree above threshold and using

a f o l l o w i n g  Nd :YAG a m p l i f i e r  to p rov ide  t h e  r e qu i r e d  energy . The

experimental values shown in Fi g. 7 are somewhat higher than theory

in t h i s  case because o the pump p h a s ef r o nt  distortion caused by

the  Nd : YAG a m p l i f ie r  crysta l  and also because the  measurements

were made in the  near  f i e l d .  I t  is clear from t h e  f i g u r e  t h a t  the
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data , when scal ed by .37, agrees well w i t h  t h e o r y .

The results shown in Fig. 7 are for a short OPO cavity.

For longer cavity lengths near 15—20 cm required to accommodate

the  l i n e w i d th  control elements , there exists a broad threshold

fluence minimum resulting in nearly constant threshold values

for pulsewidths in the 10—30 i sec range . For shor ter  pulse

widths the threshold increases due to buildup time effects.

For longer pulse lengths the threshold approaches steady state

values and is constant in pump intensity.

A significant improvement in SIlO performance is possibl e

by double passing the pump beam (see Fig. 1). In addition to a

th reshold  reduc tion  first noted by Bjorkholrn18 an d desc r ibed by

Eq.(26), this arrangement improves the oscillator stability, in creasc~;

the conversion efficiency and provides for separation of the tunable

OPO output from the incident pump beam . Wi t h a pu m p high roll ect.or

mirror after the OPO output m~.rror , typ ically 60% of the for~. :tr d

p r o p a g a t i n g  pump beam i.s reflected back into the crystal . The rc~;t

is lost to mirror and crystal surface reflections. For the present

case the theoreticaliy pre (hcted DSRO to SIlO threshold reduction is

0.54 whi cli compares to a me~~ ; l I r ( H 1  threshold reduction of 0.68 ‘ .15.

The DSII O c o n f i gur a t ion can be simplified by coating the

output mirror to r e f l e c t both  the  re~;onat ed  s i g n a l  wave and. the

pu mp w a v e . C o a t i n g s  of t h i s  type  h a v e  been designed and used in

DSII() opera t i  on in spi to of the more conipi ox c o a t i n g  r e q u I r em e n t s
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The advantages of the 1)Shl0 configuration are not as

clear cu t as it appears , however . The net threshold fluence

reduction is real , but the f l u e n c e  at t he  crys ta l  su r f ace ,

which governs crystal  damage is the sum of the forward and

backward t r a v e l l i n g  pump waves and in fac t  may be larger for the

DSRO at threshold than for  the  8110. The double pass pumping of

the LiNbO3 crystal also leads to a reduction in the i n t e n s i t y

at which small scale self focusing occurs ,thus increasing the

risk of this type of damage . Finally, the reflected pump beam

must be isolated from the pump laser source to prevent the

poss ib i l i t y  of damage to the  laser osc i l l a to r  from excess ive

feedback . A pulsed Faraday rotator isolator is usually used

21for near field operation of the SIlO ~i n d  DSRO . For opera t ion

in the  f a r  f i e l d , the 20 ra one way p r o p a g a t i o n  d i s t a n c e  to the

OPO provides a round trip time delay of 120 nsec which is

sufficient temporal isolation. For SIlO operati.on in the far

field no feedback is observed . For DSRO operation some feedhac);

influence is ev ident , but is not strong enough to a f f e c t  the puti p

laser oscillato or the DSIIO performance.

The experimental or useful conversion efficiency n

defined as the ratio of the external signal plus idler output

energy to inc iden t  pump energy , i_ s shown i n  F ig .  S for the SIlO .

At th ree  t imes t h r e sho ld  the  observed energy convers ion e f f i c i e n c y

is 18%. Bj o rkho im has considered t h e  power convers ion  e f f i c i e ncy

for  the  SIlO pumped b y a p l a n e  wave and G a u s s i a n  i n t e n s i t y  beam .
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In his a n a l y s i s  an i n t e g r a l  over the  spa t i a l  mode p r o f i l e  of

the  pump wave was performed y ie l  d ing  a f r a c t i o n a l  t r a n s m i t t e d

pump power vs the number of t imes above ~
) .  ‘eshoid N. For

pulsed O~ fl opera t ion  considered here , a temporal  in tegra l  must

also be perfor med to obtain the energy conversion efficiency from

the peak power e f f i c i e n c y .  The result is that the peak power

conver s ion  e f f i c~ ency must  be scaled by the  r a t i o  of  the  s i g n a l —

to—pump pu l s ew id t h , which is  app rox imatel y given by 1-1/N.

Final  ly ,  to compare l3jorkholm ’ s results to the measured conversion

e f f i c i e n c y ,  the  i n t e r n a l  convers ion  e f f lc i e n c y  must  be scalcd by

the crystal surface and mirror transmittance losses . For the

simpl e SIlO c a v i t y  considered here the scale factor is 0.6. The

agreement  between the  theore t ica ll y expected conversion e f f i c i e n cy

and the  measured e f f i c i e n c y  is q u it e  good as shown in Fig . 8. The

convers ion  e f f i c i e n c y  of the SRO contInues to increase monotonical I y

wi th  N as shown earl icr by f lyer  et . al . / Bowever , rd iabi e

opera t i o n  at va lues  of N much t r r e a t e r  than  t h r ee  is d i f f i c u l t

due to t he  I im :i t a t  i ons  imp osed by crystal damage. A more a p p r o p r i a t e

mean s  of  i nc reas ing  the  net OPO o u t p u t  energy is  to increase the

pump beam a rea but m a i n t a i n  operat ion at t h ree  t imes  th resh io l  d for

t h e  m a x i m u m  avail ab le  laser ene rgy .  An al l e r n a t  i ye is  to u ti ]  i ze

an o p t i c a l  p a r atn e t r  i c ampi I 1 1cr ( OPA ) a 1l.er the  OPO as an e f f i c i e n t

en e r g y  c o n v e r te r .  The c h a r a c t e r i s t i c s  of the OPA as a power amp li  11cr

were (I i  sciissed i n  the  previous  paper . 12
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III. DAMAGE LIMITATIONS

A good understanding of the factors affecting the OPO

threshold coupled with a detailed knowledge of LiNbO3 damage

mechanisms and limits is required for the design of a reliable

oscillator . In this section experimental and theoretical results

are presented which describe the observed LiNbO3 damage mechanisms .

Surface damage is discussed first followed by a discussion o. smal l—

scale self-focusing which leads to internal tracking or “angel

hair ” damage of LiNbO 3 crys ta ls .

The surface  damage of LiNbO 3 has been ex tens ive ly  considered

by a number of workers. In a series of papers Zverev et.ai.,22’2~~’
24

proposed that LiNbO3 surface damage is caused by thermal heating

of an oxygen depleted niobium surface layer. In addition , the

reduced niobium is assumed to be concentrated at crystal imperfect-

ions , inclusions , or microcracks. Damage measurements , initially

made by Zverev et .al., and recently repeated in this laboratory,

are in agreement with this basic model . Measurements of surf ace

energy damage as a f u n c t i o n  of spot size show tha t  the damage

threshold f l u e n cu  rises sharply for pump spot sizes less than

60-70 pm . The damage fluence varies from 2.7 J/cm
2 for large spot

sizes to greater than 11 J/cm 2 for t i g h t l y  focused spots. 25 This

i nd ica te s  a mean separat ion of sur face  defec ts  on t h i s  order and

is not inconsistent with the recent observation of niicrodomains

and a n t i d om a i n s  in L1NbO 3 and LiTaO 3,
26 ’ 27 at t h i s  density.
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The pulsewidth dependence of the damage fluence can be

found by modeling the trap sites as an absorbing l ayer . 24

Using thermal d i f f u s i o n  arguments  as ou t l i ned  by Bliss28 we

f i n d  that  for short pulses dur ing  which the layer is not completely

heated the fluence limit scales as . When complete heating

occurs , but pulsewidths are short compared to the  therma l

d i f fus ion  time into the bulk , the damage f luence  is  independent

of T . For longer pulses, dif f u s ion occurs dur ing the pulse

an d the damage f luen ce scales as T , thereby becoming intensity

limited .

Zverev24 reports a constant f luence damage threshold of

4.6 J/cm
2 for  pulsewidths less than 30 nsec and a constant

intensity limit of 170 MW/~m
2 for longer pulses. In an earlier

paper he quotes a damage limit of ].2O MW/cm2 for a 30 nscc pul se.

The results of damage measurements made in our laboratory

at 1.06 pin are shown in Fig. 9a. We measure a constant fluence

damage limit of 2.7 ± .4 J/cm2 for uncoated LiNbO3 in the 10—30 nsec

region . This value is somewhat lower than Zverev ’s result s . For

reference , Fig.9 also shows the energy fluence just outside the

surface of an average LiNbO3 crystal operat ing at three t imes

threshold for a short 8 cm cavity SIlO . Clearly some means of

r a i s ing  the  sur face  damage l imi t  is desirable for  long term

da’iage f ree  OPO operation .

The n i o b i u m  ion reduct ion  model , proposed by Zverev ,

provided the i n c e n t i v e  to test the  e f f e c t  of oxygen on the damage

f luence  l evel of L IN h0 3.
29 The measurements were performed by
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mounting LiNbO3 test plates in an oxygen atmosphere in a

temperature controlled environment . Surface damage was de f ined

as the maximum fluence at which the crystal surface did not

damage when irradicated for one minute at 10 pps by Q-switched

laser pulses. All measurements were carefully normalized to a

standard room temperature  uncoated L1NbO 3 test p la t e .  It has

been shown that  the damage f luence  is strongly dependent upon

the number of integrated pulses as well as pulse spatial  diameter

and spatial mode quality. The 1 minu te  survival t ime was chosen

to eliminate the dependence on integrated pulses and to be

representat ive of actual OPO operat ing damage levels. The spot

size was set significantly larger than the 60 — 70 pm defect

spacing.

When oxygen was supplied to the crystal , even at room

temperature , a significant increase in damage level resulted as

shown in Fig . 9a. This result was not to ta l ly  unexpected since

it has been known for  some t ime that  oxygen d i f f u s e s  rap id ly  into

and out of LiNbO3 crystals  and that  8i02 anti--reflection coatings

sign :i f i c a n tly  increase the LiNbO3 surface damage level as shown

in Fig.  9a. It is not clear wh : ther the 8102 coating i tself

or the coating procedure acts to replace the LiNbO3 surface oxygen

and yie ld  the increased damage threshold . It is known tha t  LiNbO 3
a n t i — r e f l e c t i o n  coated wi th  ThF4 shows the  same surface damage

threshold as the uncoated c rys ta l . The convenience of the Si02
coat ing and i ts  a n t i — r e f l e c t i o n  reduc t ion  of sur face  Fresnel

re f lec t ion  losses to 1—2% cl early make it the choice for  LiNbO 3
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OPO operation . However , it should be kept in mind that the

8102 coat ing must be flawless since imperfect ions  lead to phase

perturbat ions of the pump beam that  can aggravate the onset of

self focusing.

Small—scale se l f—focus ing  using an ins tabi l i ty  theory

approach is given by Suydam . 31 ’32 Small spatial beam perturbat ions

in amplitude and phase are amplified through the nonlinear intensity

dependent  in dex of ref raction n2 resulting in beam breakup an d

focusing .

For a Gaussian beam the critical power PC for whole beam

self-focusing is given by

_ _ _ _ _  

7
= x l0 (30)

32 ii

where P~ is in Watts  and the other parameters are in cgs un i t s .

For small—scale self—focusing the intensity damage limit given

by Suydam is

I \V cn R~n(3/i~) 7
‘d L~~

) = 
2 

- (l0 ) (31)
\cm / 48ir n 2 Z

f

where z1 is the focusing length and ~ is the depth of the

small scale per turba t ion . .Suydam also shows tha t  an optimum

t ransverse spat ia l  f requency per turba t ion  for small-scale self-

focusing exists. The spatial modulal. ion dimension 
~m 

tha t
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produces the greatest self—focusing Is

c10 7 
~ (32)

12 ¶ n2 I

To apply small—scale self-focusing theory to LiNbO3 we

need an estimate for the magnitude of n2 . We are unaware of

any measured value for LiNbO3 n2 and , therefore , choose to use

the approximate expression

n - l
n2(lO~~

3 esu) 391 d

V
d

based on the empir ical relat ion of Bo l ing  et .al .34

Here Vd is the Abb~
’ number , Vd 

= 

~~~ 
- 1)/n1 

— n
~
) where

and n~ are the crystal  indices of r e f r ac t ion  at the wavelength

0,486, 0.588 and 0.656 pm . Using the above relation we find

~i2~~~~’th03) = 11.1 x lO~~~ esu . Th is value may be an un der est imate

of the t rue  value due to the e f f ec t  of the d states of the

niobium ion and to the application of the empirical model developed

for glasses to a hig h index of r e f r ac t ion  crystal .

For LINbO 3 we f i n d  from Eq.(30 ) t ha t  the c r i t ica l  power

for whole beam sel f focus ing is 100 kW . This is comparable

to critical powers for materials with large values of n2 , such

as CS~

(
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If we set Z
f 

equal to the crysta l len gth  of 5 cm ,

(10 cm for the DSRO), then for a perturbation of order ~ = 1

we find from Eq.(3l) that = 290 MW/cm2 

~
‘d 

= 145 MW/cm2 DSRO)

for the SIlO. If we take ~ = .15, as for a defect in an anti—

ref lect ion coated LiNbO3 surface , then ‘d = 800 MW/cm2 for  an

SRO and 400 MW/cm2 for a DSRO . The optimum transverse modulation

dimension is found from E q . ( 3 2 )  to be 0.5 mm for

I = 300 MW/ cm 2 
. This d imension is approximately the spacing of

crystal Schlieren defects and the Fresnel in tens i ty  modulat ion

of a near f ie ld  unstable resonator beam .

Since n2 for LiNbO3 an d t he detailed ch aracter of the

perturbations are not known , the damage values presented here are

only approximate. One measured data point gave a DSRO damage

track at = 300 MW/cm2. This value is shown in Fig . 9b. Also

shown in Fi g. 9b is the i n t ens i t y  i.nside an average LiNb O3 crystal.

opera t ing  at three times threshold for  an 8 cm cavity SIlO. Clearly,

for pump pulses less than 10 nsec du ra t i on  the danger of self-

f o c u s i n g  i.s crit;ical . This is particularly the case for  crystals

with Schlieren defects or for beam perturbations produced by

imperfect coat ings  or damaged optical components pr ior  to the  crystal

An add i t iona l  fac tor  may be introduced by part ial  mode locking or

axial. mode modulation i.n the pump beam . The r e s u l t a n t  instantaneous

i n t e n s i t y  values may easi ly exceed twice the  average peak i n t e n s i t y .

Figure 9 c lear ly  shows t h a t  longer pump pulscwidths  reduce

the OPO i n t e n s i ty  threshold  and thus  reduce the  probabi l i ty  of se l f—

focus ing .  E x p e r i m e n t a l l y  we have found tha t  for  pulsewidths  longer
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than 15 nsec sel f-focusing Is avoided even in the case 0

severe surface damage to the crystal . The longer 0-switched

pulse lengths were obtained by Increasing the Nd :YAG optical

cavity l eng th .  Added bene f i t s  of the longer pump pulse are a

decrease in the operat ing linewidth  of the  OPO due to the

increased number of passes during buildup and a greater  in-

sensitivity of intensity threshold on OPO cavity length.

In summary, Fig. 9 shows that any increase in OPO threshold

brings the device closer to the surface damage or small-scale

self—focusing damage limit . One may either rely on the 8i02 anti—

reflection coating for increased surface damage f luence  or operate

at a fluei~ce less than the 2.7 ,J/cm
2 set by the bare LiNbO3

crystal surface . In any case , care should be taken to minimize

the energy fluence threshold by the proper choice of OPO para—

meters and by the  use of a high q u a l i t y  pump beam of proper t emporal

d u r a t i o n .

IV. LINEWIDT TI CONTROL

A. Introduction

The ga in  l inewid th  of the parametric oscillator is set by

crystal dispersion .2’3 For the angle tuned LiNbO3 SIlO the crystal

bandwid th  varies from 10 cm~~ to approximate ly  200 cm~~ at

degeneracy as shown in Fig. 2. Therefore , for most appl ications

some l i n e wi d t h  reduction is desired . Theory shows that the SRO

is cap~tb 1e of opera t ing  In a single axial  mode without reduction

of conversion e f f i c i e n cy  at the  resonated wave.  The non—resonated  wave
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ref lects  the axial mode spectrum of the pump field. Single

axial mode operation has been achieved earlier for the Nd :YA G

pumped n o n — c r i t i c a l l y  phasematched LiNbO3 SIlO using a s ingle

high resolution etalon line narrowing cl ement.

The present angle tuned LiNbO 3 SIlO requires a primary l ine—

width control element and an etalon for narrower linewidth operation.

Primary linewidth control elements that have been tried include a

th in t ilted etalon , a birefringent filter , and a di f f r a c t ion

g r a t i n g . 7 ’37 The most a t t r a c t i v e  metho, ! of pr imary  l i newid th

control is a grating proceeded by beam expansion prisms as shown

in Fig . 10. An ana lys i s  of the  prism expande r—gra t i ng  l inewidth

control of the OPO is presented next. In Section C experimental .

results are described including stable single axial mode operation

of t he LiNbO3 SRO.

13. Linewidth Model

In th i s  section a model is developed that describes the

SIlO linewidth when o~.erated w i t h  a resonant cavi ty  consis t ing

of beam expansion prisms and a g r a t i n g .  This  method of p r imary

linewid th  control was selected because of l i n e a r  t u n i n g , a wide

t u n i n g  range and ease of i m p l e m e n t a t i o n  at a low cost .

The OI~O I in owic i th  is the result of the c rys ta l  and g ra t i ng

component  I i  neshape f u n c t i o n s  a f t e r  c o n s i d e r a ti o n  for  m u l t i p l e

passes in 1.lie opt ica l .  c a v i ty .  The r e sult an t  1in ow id t h  ~ v is

ca i cu l  ated from t h e  product of the m d  lV~ dual mul tiple—pass

1 ineshap es  of  the  crystal and of t he  g r a t i n g .  Since the  I i  neshapes
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are approximately Gaussian , we may write the linewidth as

r -
‘

1 I 1 1
— = / 2 + 2 (33)

V t~ v~
(p ) 1  t A V g(P) )

where and ~Vg are the cr ystal and grat ing linewidths and

p is the number of cav ity transits.

The lineshape function for the crystal bandwidth is

given by eva lua t ing  the sinc 2 (Ak 9 ./ 2 )  func t ion  for a phase mis-

match of t~k and a crystal length of ~ . . An anal ysis s imilar

to that  for the d i f f r a ct ion grat ing presented in Appendix D shows

that for p passes the crystal  linewidth reduces to

1
1~v (p) = — t~v ( 34)

C C

where is determined by the  crystal  d ispers ion between

signal  and idler wavelengths  and in cm~~ is approximate ly

- 2
A v ~ 

= (3 5 )

I

is def ined by

ak ak.
1 = — (36)

Si

~so t
~io

and i s  approximately  equal to 2~ n 1
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This basic crystal linewidth Av
~ 

assumes a collimated

pump . For divergent  pump beams the  l i n e w i d t h  increases

s i g n i f i c a n t l y .  An expansion of the  wave vector mismatch  for

small. deviat ions of the pump input  angle and signal f requency 12

gives the linewi dth increase due to pump divergence ô ( A v )  of

approx imat el.y

2 pcz
~~Av) = (37)

~ p si

where a is the pump beam cone angle.  For LiNbO3 OPO signal

and idler frequencies away from degeneracy, 
~~~ 

is approx imate ly

0.1. For p = 0.03 rad and = 1.06 pm , the linewidth

broadens nearly 6 cm~~ per milliradian of pump divergence. The

crystal bandwidth is then sign ificant ly broadened by a d iverg ing

incident  pump . If l ine narrowing elements are used , an increase

in threshold may he observed because part of the generated signal

wave is removed from the  gain medium by cavi ty  f r equency  se lec t ion .

Consider t 1 e OPO cav i ty  shown in F ig .  10 which uses a

Lit t row con:figuration gra t ing  at resonant  wavelen gth 
~ 

and

g ra t i ng  angle  9 re la t ive  to normal . For added resolution a

beam expansion element of l i n e a r  m ag n i f i ca t i o n  M and angular

m a g n i f i  cat ion Ma is included .

The prism beam expander  has been described ear l ier  as a

means of beam expansion w i t h i n  a dye laser c a v i t y . 38 Klauminzer

has discussed i ts  advantages , which i nc lud e  ease of cons t ruc t ion
39and in s e r t i o n  in to  the  op t i ca l  c a vit y .
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Using LiNbO3 as the prism materia l , we designed and

constructed a two element prism expander as discussed in

Appendix E. The magnification of a single prism , t aken as

the output  to input beam wid th  r a t io  W/ w is given by E q . (E 5 )

M tan O (38)

For N prisms in sequence the net magn i f i c a t i on  is the product

M = M1M2M3 M~ as expected .

The angular magnification of a Brewster angle prism is

shown in Appendix E to be

1 69 1 /1\ 1
— = —~~~ = — ( — 1  = (39)
Ma 69~ n \MI  M

where n is the prism index of r e f rac t ion . For comparison , a

telescope expander has an angular magnification of

1 iSO 1
— = — (40)
Ma M

where M is the power of the  telescope.

The resolution of the grating is found by d ifferentiating

the grating equation

r n )
~ 

d(s in 0. + sin e
~~~

) (4 1)

(
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with respect to which yields , for the Littrow case

dA dv dO
= —~~~ (42)

v 2 tan0

Here , d is the groove spacing and m is the order number. The

angul ar width A0 i.s calculated in Appendix D for the case oi~
a multiple passed grating with an optical length 2L between

passes. The calculat ion shows that  d i f f r a c t i o n  not onl y sets

the s ingle pass angular  width  but also puts a lower bound on the

l i new id th  a t t a inab le  by mu l t ip l e  passing.  Using E q . ( D . 12 )  we

write the diffract ion limited full width at half maximum (FWHM )

gra t ing  linewidth  as

DL J2Ln~ /M 4 L~~~~\
1’~
3 1

= .. ( —  (4 3)g 2 tan 0 \ M r~ w5 / ‘~

where the .factor 12$?n2 converts the halfwidth at l/e2 line—

width to thc ~‘~\!~i value ..

The g r a t i n g  resolut ion may be broader than tha t  specif ied

in E q . ( 4 3 )  when the f i n i t e  ape rtu r e  set by the  gain medium size

is considered . Wave packets outside the  d i f f r a c t i o n  l imi t ed  band—

w i d t h  may osci l l a te  by p ropaga t ing  off-angle in  the c a v i t y .  These

waves may experience ga 11 over the fu l  1 pump beam a rea .  There core ,

to he consi st .ent w i th  the  I ,~ 2 angu la r  w i d t h  used to ob tai  a

Eq (4’s ) WO t ake  the  iiroper pump a p e r t u r e  d i a m e t e r  to be 2W )
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Consider a l igh t  ray o wave leng th  
~~ 

+ A ~ which is

i n i t i a l l y  propagat ing parallel  to the cavi ty  axis .  It is

shown in Appendix D that after its q ’th reflection from the

grating, its angle to the ax is is

I M A X  \
= q (44)

\d cos

After a beam expansion device , this angle is M A q . If we

note that the gain region est ablishes an ef fect ive aperture of

width equal to the pump spot diameter 2w~~ then the number of

passes p in which the ray travels across the aperture is

determined by

2w = 2t
~ a

A l ~~ q ( 4 5 )p q=1

where the sum has the value p(p+1)/2 and P is an effective

cavity length . In air , D would simply be the physical cavity

length. Here , however , the pr esence of a cry stal of index n 5
and a beam expa~ sion device of angular expansion Ma(M2 for prisms ,

N for a telescope) gives

D = £c~~s ~~ ta 
+ iex/Ma (46)

where the crystal , air and expander lengths are given by

and iex respect ively. In practice , p is fixed by the

cavity buildup time. The contr ibution to grating linewidth due

_ _  ±~~T~~:i ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



to cavity geom etry i.s then

____ 
2 ~, cos 0

/2~ n2 2 (47)
m p(p + 1) D 

~~

The fu l l grating lin ewid t h is thus a sum of the diffraction and

aper ture  wid th  terms g iven  by

1/3
_ _ _  

1 /~~t 4 L X  \ 1
Av (p) = I~~n2 — 

(
__- - ) +

g 2 tan e \M ~ w~ / ir N w~

2 w~ d cos 0

m p(p + 1) M D  (48)

We now. consi.der the relat ive magn i tudes  of the  d i f f r ac t i o n

and aperture width terms in Eq.(48) for  typ ical . c a v i t y  con f i gur at i .oI- iF ,

in an effort to unde r s t and  wh i ch parameters  are impor t an t  to the

design of a narrowband OPO. If we let = 0.2 cm , 
~~ 

0.06 cm ,

= 1.7 pm , 6000 lines/cm , D = 8 cm and m = 1, we find

that for a 10 ns pump pulse and no expansion , t he  inclus ion of

the aperture term increases t he  linewidth by 3O~ . For a 20 ns

long pump pulse the aperture term contri.but on to the  l in ew i d t h

is reduced by multiple passing to 8~ . If beam expansion prisms

are used , t h e  effect of the aperture term becomes negi I g~hle.

(
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From Eq.(48) it is clear that to improve linewicith performance

we may Increase grating 0 and/or increase the beam diameter

on the grating , 2 N w~ . However , each approach has l i m i t s .

As 6 increases , the f ree  spectral range of the  g ra t ing  decreases

and does not allow OPO operat ion over the full tuning range from

1.4 pm to 2.1 i’m . Increasing N requires  a 4 prism beam

expander and a larger grating and has the disadvantage of increasing

threshold due to the added cavity length. However , for sufficiently

long pump pulsewidths near 20 ns the increase in threshold may

be tolerable.

Various techniques exist for addi t ional  1 inewidth control .

Single f requency  operat ion us ing  in ter fe romete r  arrangements

have been demonst ra ted  for lasers4° and for parametric osci11ators.3~
In te rna l  t i l t ed  etalons have also been used successfully,41 but

have suffered from insertion losses , a problem which is alleviated

by the use o beam expansion prisms. Due to their ease of

alignment we have chosen to use tilted etalons to attain narrow—

band operation .

The lineshape function 
~~~~~~ 

for a transmitted beam of

a tilted etalon is Lorentzian in the frequency deviation from

resonance , Av = — v , for Av < <  v

= [1 + 4 Y 2 (A v ) 2
/ ( AV FSR)2

1
1 (49)
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where ~~ is the etalon finesse and AV FSR is the free spectral

range 2nt for a mater ial  of thickness t and index n . For

p passes through the  etalon , the l inewid th  reduces to

AV E(p) 
= (50)

Clearly Eq.(33) could be extended by adding (AV F(pY
2 to the

sum of linewidth fac tors  under  the square root .

For the present applicat ion as an internal cavity element

with short optical pulses , various loss mechanisms arise. The

insertion loss y for a tilted etalon in a cw laser cavity

42has been treated by Leeb and found to be

2~ /2t_or\
2

2 (
~ 

(51)
(1 — H) \ n w  /

where H is the power reflectivity, o~ is the t i l t  ang le and

w0 is the  spot size iii the  d ir ec t ion  perpend icu la r  to the

rolation axis. J’hen the prism expander is used , w 0 is large

and l0~ even for a 20 etalon .

A more impor tant  loss m e c h a n i s m  for  short pulse app l i ca t i ons

is due to t h e  d e l  fly propagation t i m e  t h r o u g h the  etalon as

considered by Daussy et . a] ~~~~~~~ They f i n d  t h a t  a d e l a y  nea r  1 ns

may occur for  h igh  f inesse  eta lons .  Th :i s can amount  to a cons~ c1erabl

loss d u r i ng  the  b u i l d u p  t i m e , increasing OPO th resho ld  proh~ bi t v e l y .

~ 

.



Another finding is that the effective pulsed finesse may

be significantly ( — 1/3) lower than that calculated for a

steady state condition . These results are consistent with

our experimental linewidth results for the pulsed LiNbO3 OPO

operating with a tilted etalon line—narrowing element .

C. Experimental Results

The linewidths for a number of OPO cav ity configurations

(see Appendix P), have been measure d and compared w ith theory .

In general the agreement is good . The observed discrepancies

can o f t en  be a t t r ibuted to fac tors such as cr yst al qual it y or

optical alignment . As in the threshold measurements described

in Part II , we have found that crystal opt ical uniformity is an

important factor and that the presence of Schlieren v a r i a t i o n s

in the  index of r e f rac t ion  of a crystal  increase  the measured

linewidth up to a f actor of two .

Optical alignment of the cavity and of pump beam collimation

telescopes is also more important for narrow iinewidths than for

threshold minir~~zat ion . Some care mus t be exerc i sed in th e

centering of the grating resonance upon the peak of the crystal

bandwidth . A linoshape asymmetry caused by a broadening of the

high frequency side of the l ine occurs if this condition is

vio la ted . If the grat ing is tuned off  line center , the crystal

phasematch ing  condi ton is broken more slowly on the  h ig h f r equency

side , since the OPO waves may then ang le  phasematch and p ropaga te

n o n c o] l i n ear l y .  On the low f requency  side A k  > 0 so tha t  the

OPO waves remain  co il inear  but  are reduced in m a g n i t u d e .  The
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amount of broadening may be calculated by expanding the wave—

vector mismatch allowing for angle phasematchi.ng and is found

to be quadrat ic  in the angle between signal and pump beams .

For minimum lincwidt hs and col linear beams it is then recommended

that the grat i ng be tuned slightly to the low frequency side of

the crystal bandwi dth .

The measured and calculated linew idths for OPO cav ities

with increasing spectral selectivity are given in Table I. The

first block o entries shows that a prism power of 10 is required

to give wavelength control to the grating. The resulting grating

linewidth is 0.53 cm~~ . A typical linewidth trace taken using

a scanning 1 meter spectrometer is shown in Fig . 11.

It is experimentally observed that the OPO output beam at

2 — 3 times threshold has the sam e spot s ize as the incident  pump

beam . This is explained by uioting that the confinement of the

signal beam is relaxed as the peak of the pump is depleted , and

the signal spot size may increase to approach the incident pump

spot size. It mi ght be argued that the proper w 5 to use in

E q . ( 4 8 )  is this larger spot. However , the linewidth is determined

dur ing  b u i l d u p  before deplet ion occurs and is , therefore , set by

the sma].lcr confined signal spot size as calculated in Appendix A.

I.f a t i l t e d  etalon is inserted into t he  cavity, the OPO

l i newid th  is reduced as shown in  the second group of entries in

Tab] e I. As a ru le  of thumb , the  etal on f ree  spectral range  is
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TABLE I

OPO LINEW IDTH S : THEORY AND EXPERIMENT
PARAMETERS : = 1.6 pm , W = .2 cm , = 10 flS ,

L = 20 cm , D = 8 cm , N = 6000 lines/cm

Conf iguration Linewidth (cm~~ ) Comments

Theory Expt

Grating only 2.2 2.2 w~ 
= .15 cm

Crystal has wavelength contro

Gra t ing ,  x5 prisms .86 .73-1.2 Gra t ing  & crystal  both contro

Grating, xlO prisms .40 .53 Grating has X control

G r a t i n g , x5 prisms
+ 2 mm , F = 7 etalons .059 < .1 2 etalon modes

+ 1 mm , F = 7 etalons .15 .14 1 etal.on mode

+ .5 mm ,F = 7 etalons .3 .63 1 etalon mode

Grating, xlO prisms .02 .075 20 as pump pulse
2 mm , F = 7 eta lons 3 axial niodes FWHM

Grating , xlO pr isms
2 m m , F = 7 eta lons  < .02 Single axial mode operation

Reflective etalon — very stable
(R = 50%, 60%)

- 120 -



chosen to be twice the grating linewidth. A single etalon

mode is then produced with  the l i n e w idt h  determined by the

effective multipass finesse. As discussed above , the insertion

loss of the etalon increases with increasing .~~~ imposing a

L limit on the linewid th attainable w ith a single etalon. We

have found experimentally that for a finesse greater than 10

the insertion loss rai~se~ the OPO threshold excessively, even

when the etalon is used in the prism expanded beam .

In a final, series of measurements we have improved the

lineS-narrowed OPO performance and have successfully demonstrated

stable singl . e axial  mode opera t ion . An e l l i p t i c a l  20 ns pump

beam was incident  with  a 6 mm major  d iameter  o r i en ted  in the

walkof f  pl ane to min imize  threshold and a 2 mm minor  d iameter

set as the aper ture  for g ra t ing  n a r r o w i n g .  A r e f l e c t i v e  etalon

was added to the cav i ty  i.n the  form of a pa i r  of output  coupler

mir rors  spaced 5 cm apart . In t h i s  exper iment  the  non—opt imum

choice of 50% and 60% r e f l e c t i ng  m i r ro r s  was used . The output

li newidth  was anal yzed by d iverg ing  the  OI~0 output  through an

air spaced pl an... p a r a l l e l  Fabry—Perot etalon wi th  a f inesse of

20 i.n the visible. The resulting rings were observed with an

infrared vidicon and photographed from the monitor display .

With the output  r e f l e c ti v e  e ta lon  m i r r o r  m i s a l i gned t he et alo n

ring pattern shown i n  Fig. 12a was obtained . The pattern shows

that t be OP() operated at a FWT1?~1 1 in ew i d th  of 0.075 cm 1 
, or thr ee

a x i a l  P10(105  spaCed 0.025 cm~~ arm rt . lYhonth e  out s i  do mirror was

al ignod to form a. r e V ]  O c t i f l i r  c i a]  on the  1 1 newi dt h  co llapsed
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to a single axial mode , as shown in Fig. ]2b. The etalon

effect of the output mirror pair was verified by observing

the f requency jumps of 0.1 cm~~ by tilting the lower resolut ion

etalon angle. The single axial mode frequency was quite stab]e

and repeat able which is noteworthy since no spec ial exper imental

precautions were taken to establish an interferometrically stable

OPO cav ity .Also ,due to the I sec.persistence t ime of the vidicon ,

observation of clear axial modes supports the claim of their

frequency stability. The OPO is a reactive device with small

thermal loading of the LiNbO3 crystal and opt ical cavity thus

avoiding resonator instabilities . To the resolution l imit of

the analyzer etalon the FWHM of a single axial mode appears to

be less than 0.01 cm~~ or 300 Mhz. The expected Fourier transform

limited bandwidth is near 100 MHz. The measured output pulse

energy in single mode operation was 10 mJ , which is approximately

80% of the un-narrowed OPO output energy under similar pump :ing

conditions. 
.

V. CONCLUSION

This paper summarizes the parameters relevant to the design

of a reliable LINbO3 parametric oscillator capable of stable

narrowband operation . The prime requirements involve the quality

of both the LiNbO3 crystal and the pump laser beam .
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Imperfect crystal q u a l i t y  is a major cause of increases in

both the OPO threshold and linewidth. The oscillation threshold

for an average LiNbO3 crystal is 70% higher than that predicted

for  an ideal. crystal . Linewiclths may be increased by a fa ctor

of two in crystals with Schlieren defects. Pump laser phase—

front quality is also impor t an t and h igh quality optical components

are essential.. For example , the use of commer ical grade lenses

in a telescope may increase the threshold by 60%.

The operat ing limits of the OPO are set by the onset of

crystal damage . There are two types of damage , and each imposes

a cons t ra in t  upon the c o n f i g u r a t i o n  of the  pump beam . In t e rna l

crystal tracking due to small scale self—focusing scales as the

peak power of the  pump pulse.  Pulse lengths greater  than  10 ns

are essential to avoid self—focusing, and pulses longer than 15 as

are highly recommended. In addition , the  surface  of LINbO 3 may

be damaged by a peak energy fl uence  of 2.7 J/cm
2 f or uncoat ed

LiNbO 3. The damage l i m i t  is  somewhat h i g h e r  for an Si.02 anti.—

r e f l e c t i o n  coated su r face .

We have ch. igned  the LiNhO3 OPO for  a min imum threshold

f luence  to p rov ide  for  rel iable damage f ree  opera t ion .  The

thr e sho ld  I ncrease due to pump beam walkoff  leads to a min imum

pump spot diam eter o 4 mm and crystal  l eng th  of 5 — 6 cm.

In addi t ion  the c a v i ty  I ength  should be min imized . A compi etc

c a v i t y ,  in c l u d i n g  grat  in g ,  p r i sm  ten— power expander  and t i l t ed
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etalon may be constructed with a 16 cm physical length. Since

the effective loss due to buildup time dominates other loss

mechan isms , the threshold is not a strong func t ion of out put

coupler reflect ivity 11. For greater useful energy convers ion

it is necessary that  the out put cou pler provi de the domin ant

cavity loss. Therefore , we choose to operate with an output

reflectivity of less than 50%.

The required pump energy to operate the LiNbO3 SRO varies

with crystal and pump laser , but lies in the 100—150 mJ range.

As an added note , we have operated a considerable number of

OPO cavity configurations as summarized in Appendix F. However ,

the best results to date have been obtained with  the “L” cav i ty

which u t i l i z e s  the input  beam sp l i t te r  as shown in Fig. 10.

Narrow linewidths have been achieved in the LiNbO3 OP
C)

with the use of a 600 P../mm diffraction grating in f i r s t  order

with the addition of alOx prism beam expander . The measured

linewidths were 0.5 cm~~~. A 2 mm tilted etalon with .~~~ 7

reduces t h i s  lin ewid th  to 0.08 cm~~~, corresponding to operat ion

with 3 axia l  modes.  A r e fl e c t i ve  etalon output  coupler con—

figurati.on further collapses t ) ’ .~ ou tput  to a single axial mod e

which  is  remarkably stah].e in frequency .

The angle tuned LiNbO3 parametric oscillator is a useful

I aboratory tool for s tudies  which  r equ i r e  a broad] y t unab l e

source of narrowband infrared radiation.
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APPENDIX A

RESONATED WAVE SPOT SIZE

For a Gaussian profile gain medium , the signal spot

size evolves during buildup to threshold to a radius determined

by the pump spot size and diffraction . We calculate in this

appendix. the resonated signal wave steady state spot size and

determine  whether  this condition is indeed reached during the

OPO buildup time. We proceed by considering the signal spot

size as it is iteratively narrowed by the gain polarization

and broadened by d i f f r a c t i o n . The balance determines the final

signal wave spot size.

Let the  f i e l d s  have Gaussian p r o f i l e s ,

2 2
F . = F. e

_r /Wj (A.l)3 30

From F q . ( ] . ) we see th at t he  d r i v i n g  polar izat ion for  the OPO

waves have rad i i  
~~ 

gi ven by

1 1 1 1 1 1
—

~~~ 

= —p. + —
~;~~ 

, + —~
. (A. 2)

Wi w~ w~ w~

The idl er wave is f ree  and t h e r e f o r e , assumes the p r o f i l e  of

its d r i v i n g  po la ri z t  ion , or W . . The si gnal polar iza t ion
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radius may now be written as

1 1 2
—

~~ 
= .—

~ 
+ —

~~
. (A .3 )

w w~’ w ’~S S p

The radius of t h i s  wave when allowed to propagate a cavity

round tr ip is 
2

= 
—2 { 1 + (2L

~~

) 
] (A.4)

11

We let ~~ 
= w and iterate to see how soon a stable signal mode

5 S

radius is established. Numerical i t e r a t ion  shows tha t  a spot

size w i t h i n  30% of s t eady—sta t e  is es tabl i shed in only 2—3 c a v i t y

round tr ips . This ve r i f i e s  the assumption made in the model .

The steady state signal spot size is found directly by

again l e t t i n g  ~~ = w~ and s u b s t i t u t i n g  ( A . 4 )  i n t o  ( A . 3 ) .  The
—2resulting condition is a cubic equation in 
~

2
~ iT ~ W

+ w’
~~~

_ —fl = 0  (A.5)
S 2

From this calculation we find that the signal spot size

is s i g n i f i c a n t l y  less than tha t  of the pump . For example , a

pump spot of 2 mm radius i nc iden t  on a 15 cm long OPO cavity

operating at 1.9 ~im produces a signal spot size of 0.62 mm.

This spot size is important for later lincwidth calculations .
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Some experimental evidence exists to support the prediction

for a small confined signal spot size. In an initial experiment

to measure Ol~0 threshol d , a 6 mm diameter pump beam was apertured

to a diameter of 2 mm wi th  no change in t h r e sho ld .  This  showed

that  near threshold only the  central  por t ion  of the pump is

useful  in prov:iding signal gain . Next , the  f l a t  OPO cavi ty

output mirror was repl aced by a curved mirror to produce a

Gaussian mode stable cavity with a si gnal spot s ize  equal to

that  predicted by the confined signal calculation above . No

change in OPO threshold was observed l e n d i n g  support to the model

presented here .

It should be noted that for h i g he r pump powers the G au ssian

p r o f i le  assumed i n  t h i~ cal c u l a t i o n  becomes f l a t t ened  and

d is tor ted  due to dep l e t i on . This relaxes the c o n s t r a i n t  on the

signal spot size w h i c h  m a y  expand to match tha t  of the pump .

However , the spot size c a lc imi  at.ed here should be valid during

the OPO buildup time and at operation near threshold.
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APPENDIX B

SRO — Single Pass Gain Solut ion I n c l u d i ng  Poynting Vector
Walkoff

To calculate the s ignal and idler field bu i ldup  in ’ an OPO

resonator some care must be t aken to consider only tha t  f r a c t i o n

of the generated signal wave which couples into the resonator .

In addition , the coupling of the pump and generated waves is

gradually broken due to pump wave Poynting vector wal.koff. It

is convenient to treat both effects in the coupling coefficient

14formalism of Kogelnik.

The radii of the polarization fields for the signal and

idler waves , 
~~ 

and W1 , are found in Appendix A to be

1

= t l / v ~ + 2/w2] (B.])

Because the signal wave is resonant  its po la r i za t ion  p rof il e

must be expanded in terms of cavity modes.

Only the  TFM
00 

mode is of in teres t  here .  Let P j represent

the  Gaussian p r o f i l e  of a p o l a r i z a t i o n  which  dr ives  the  s igna l

or idler wave. If we describe the fields in transverse coordinates

x and y the coupling coefficient can be written as

c = P .(x) E’
~(x) dx] {j  P

1
( y )  E~~(y )  dY ] (13 . 2)
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where E . (x )  and E . ( y )  are normalized . Inc lu d ing  wa lkof f

the signal coupling coefficient is

2 2 1 ( x— p z )2
= —

~~ 

dx exp f _x~ ~ 
+ - 

. I]
fi: 

dy exp N~’
2 1-f- ~ ]J]

where P is the walkof f  angle.  In tegrat ion  y i e l d s ,

2
= g5 exp _ [

~ 
(__

~) 
(B . ’l )

where

12 2
Y ’71 / w  ~~~~
— 

2 (13.5)
2 p 

%
f W

p
~~~~~~~~~ W~~

;
/2

and 
2

(3.6)

For the  idler , the result is ,

= exp 
[— 

~ 
(7)2]

- 129 -



The po la r iza t ion  terms of E q . ( i )  can now be r e— w r i t t e n  in terms

of cavity mode field ,

dE5 * / ir
- -  + a8E5 

= j K5g5EE. exp ~~~- — —v ) e~ (13.8)

dE. iT Z
2

+ o~.E. = j  K . E E exp ( - — 

~~~~~~~~~ 
) ~~~~~ ( B .9 )

Let

= E e~~ sZ , E. = El e a iz ( 13.10)

Then

dE’ i~ z2

dz ~ ~
5g8E~ E~ * exp (- 

~ ~ 
) ~~~~~ (13.11)

* 2dE~ / iT z \
—i = I K . E ~ E exp( — —

dz \ 4 £~~~,w

where a = a .  E a is assumed . Let ~k = 0, since we areS 1

interested in a phasematched OPO. Then substitution yields ,

d l  it z2 d l  IT Z
2

— 

[

oxp — —

~~ 

— J E = K 5K . g 8~ E 2 exp _ (

~ 
—

~~~ )E5 (13.12)
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Changing variables by l e t t i ng

- t 11 
~ dz” (B. 13 )z = ,  exp 
24

yields

dz 2 
K K .~~5 I E I

2 E , (13.1.4)

The solut ion s a t i s f y i n g  the  boundary cond i t ion  tha t  F; = E5(o)

and E~ = 0 at z = 0 is
1

E5(z )  = E5(o)  e~~~s~ cosh r z~ ( 13.15)

where

r ~<g 5I~ (B. 16)

wi th  K and I defined byp

2 WsW i. d~ ff ~ = nc~ IF 1
2

K = 
3~~~ 

p o p
n n.n C C

S 1 p o

The idler  wave has the  so lu t ion ,

E . ( z )  F5( o )  ~~~~ °~~~~~~p + ~~~~ s i n h  rz (B.)7)

where is the pha~;o of the Pump f i e l d .
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AP1~ENDIX C

Effective Nonlinear Coefficient for LiNbO3

For LiNbO3 with a point group symmetry of ~ m , the eff ect ive

nonlinear coeff icient is44

deff = d31 sin 
Q + d22 cos 0 (C.l)

where 0 is the angle between the optic axis and pump propagation

direction . Also , d22 = .53 d31.
45 So for 0 = 470 

, in the middle

of t he OPO tun ing ran ge , we have

deff = 1.09 d31 (C.2)

From 1.06 iim second harmonic  genera t ion  measurements  the

recommended value of d31 given by Choy46 is 5.95 x io 12 rn/V .

We scale t h i s  to the OPO wavelength r a n g e , by u s i n g  the d i sper sion)e~

M i l l e r ’ s Delta  A. .h value  of 1.13 x l0~~ , where

— __________
i.Jk c

~ i jk  
- 

c
0(n~ - 1)(n~ - 1) (n 2 

- 1) 
.3

Using  the measured indices  of r e f r ac t i on  for  congruent  Li NbO3
47

we f i n d

deui 5.72 x ~~
_:l2 rn/V (C.4)
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APPENDIX D

Multiple Pass Diffraction Grating Reso lu t i on

In th is  Appendix we consider the m u l t i p le  passed r e f l ec t ion

of monochromatic l igh t  from a clef rac tion  g r a t i n g  and calcul ate

the r e su l t ing  angular  h a l fw i d th  for the  case in which a propagat ion

length  2L is allowed between g r a t i n g  r e f l ec t i on . This d i s tance

permits  d i f f r a c t i o n  to agai.n broaden the  g ra t ing—nar rowed  d ive rg -

ence angle  and to establish a s t e a d y — s t a t e  
~
0D independent  o

f u r t h e r  g r a t i n g  r e f l ec t ions .

Neglect for  the  present the  e f f e c t  of L and consider the

normal ized g r a t i n g  i n t e n s i t y  f u n c t i o n  for  i n f i n i t e l y  nar row
48grooves as given by

si~
2 .4•y

T = 2 (D .l)
N si n~ y

where N is the  number of i l l u m i n a t e d  grating grooves and y

is d e f i n ed by

ird
= — [sin 0 -i- sin(O +A e ) J (D.2)

h ere ci is the groov e spacing, 00 is  the  inc iden t  ang]. o

rd at i ye to grating norm a] , and A0 iS  t .h (~ d c v i  al-ion of a r oi loCt e( 1

]. i ght ray f rom Li t t row con f i g u r a t i o n . T h e  g r a t i n g  resonance is

defi nod I)y

sin n in (D . 3)
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where n is an Integer . If A0 << 1, we then find that

= cos ~0 (D.4)

A ter p reflections the grating intensity function becomes

.2 i psin .il ’I

= 
2 (D. 5)

~m)

We d e f i n e  the angular ha] f w i d t h  of the  g ra t ing  to be the angul ar

deviat ion from resonance which reduces the g ra t ing  i n t e n s i t y

f u n c t i o n  to iI~ 2 of i ts max imum. A numerical calculation

using F q . ( D . 5 )  shows that to a good approximation

2
— ( D . 6 )

for p >> 1 . The angular  ha l fwicith  of a g ra t ing  narrowed l ight

packet is then , from E q . ( D .4)  and ( D . 6 ) ,

= ( ~/itW ) i//fl (D.7)

where W is the  I/ o 2 spot radius  and .-4~ = 2W/cl has been used .

The fa r  f i e l d  diffraction limited divergence angle is then reduced

by 1//i for a multi—passe d grating .

1~ ’- ,.J - 

.. . ...... 
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The propagation length  2L is now included to ca lcula te

the effect of diffraction . For a Gaussian beam , the divergence

angle 0~ is ~i(z)/R(z) where w(z) is the spot size and R(z)

is the  beam cu rva tur e . 49 
~1e have then

= + (7) 

2 
(D.  8)

where Z~ IS the Rayleigh range ii w~ / ~ . If beam expansion

prisms are used , t h i s  angle is reduced by l/M . Since W =

we obtain

= 
~~~~~~

M / /  

~
(
~

) 
2 

( D . 9 )

We are interested i n  the steady s tate  condi ton  wh i ch must

occur for  some p . We may approximately wri.te ,

~ 1 1 M/M A 1
I ~~

— -.-—
~~~~

- + _ _ _ _ _ _  = —
~~~~ 

— (D.10)

~ /p + 1 Il + (z
R / 2L) IT

where L is the  c a vi t y  o p t i c a l  leng t h .  Assuming ~~ 
> I y ields

4 ~~ 
2 (~~ + 1) 

~~~~ 

2 

+ (~
) 2
] 

(D .ll)
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There fore

~ ~~2/3

(—a —~
) (D .l2)

\ M  4L1

If Fq.(D.ll) is less than unity we set p = 1. For = 0.6 mm ,

= 1.9 pm , L = 15 cm and 5 x prisms , p~ = 
~~~~. This is mnuch l..ess thT

the t r ans i t s  possible d u r i n g  the  OPO buildup t ime , cT/2L~ Thu s the

same d i f f r a c t i v e  process which stabi l izes  the  spot si~ o ev’1lu t ion

in Appendix A is also responsible for  the  rapid s t a b i l i z a t i o n  of

the diffraction limited halfwidth to the steady state value

/ M  4L~~\ 
1/ 3 ~

A O D - (_ 
—

~~~~) 
—

~~
-- (D .13)

\M i r w 5/

We also need to un d ers tand the mechanism o1~ the e jec t ion

of o f f — r e s o n a n t  wavelengths  f rom a g r a t i n g  mi r ro r  cavity  of

center wavelength 
~~ 

and g r a t i n g  ang le  0 . If ~ = A + A ~
the grating equation becomes

sin EY ÷ sin 0~ = m~ (D.l4)
d

where d is the  groove spacing , and for  pass n

= 00 - A n_ i  = 0
~

where 0 and 0~~ are the i n c i d e n t  and ex i t  angles r e la t i ve

to the  grat i ng normal . Expansion of E q . ( D . 13) y i e l d s

mN( A )~ )

A A + —-----— ( D . 1 4)n n—l cos e0
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For the resonant wavelength A 0 , the grat ing acts as a simple

mirror. For a wavelength diviation A A , the grating reflect ion

an gle , relat ive to the cav ity axis , is incremented by m~4’A A / d cos 8

on each pass. If we take A 0 = 0

/ m,4’A A
A~ = f ) n (13.15)

cos 00/

- 137 -



APPENDIX E

Brewster Angle  Beam Expansion Prisms

Consider the two pr ism beam expanders  shown in Fig.13

The l inear  m a g n i f ic a t i o n  of a s i n g l e  p r i sm is given by

cos 0
M e ( F. ) . )

cos oi

where and 0e are the angles of incidence and exit from

the prism f i r s t  sur face .  The maximum m a gn i f i c a t i o n  occurs when

the beam exi ts  normal to the  prism second su r face .  Then 0~ a ,

where a is the prism apex an gle and Sneil’s law results in

I tan 01M — . 
. (E . 2 )

n tafl a

For low inser t ion  loss the i n c i d e n t  angle  is set at Brewster ’ s

angle so t h a t

n = tan 01 ( E . 3 )

and
1

_ _ _ _  = ( E . 4 )
tan a

Therefore , near  Brewster ’ s a n g l e

M “ t a n  01 ( E . 5)
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The angu lar  m ag n i fi c a t i o n  for  a p r i sm beam expander is

found by d i f : fcr en t i a ti ng  Sne l l ’ s law

6 O ~~cos 01 = n cos e0 68
~ 

(E.6)

so that 1 cos 8.e — a (E.7)
n cos O 0

Using E q n s . (E . 1)  and ( E . 4 ) ,  we have for a Brewster angle prism ,

1 60  1 1
— - e 

= — (E.8)
M 6 0 .  nM na 1

Therefore ,
(V M2 ( E . 9 )

For comparison , a telescope has an angul ar mang i f i ca t ion  of

M = ( E . lO)

The minimum optical  path le ngt l ~ ~~ 
th rough a p r i s m  is given by

= ii W tan a W (F.  1]. )

The two Prism expander is near ly  achromat ic .  The a n g u l a r

devjation A0 for  an index dispersion A rm is to first order

A0 (i/n o 
— i / n 2 ) An (E.l2)

- 139 -



where n is the mean index of refraction of the  med ium . For
0

glass pr isms the angular deviation is only  2 .7  mrad over the

entire visible spectrum .

The insertion loss of the prisms is given by the Fresnel

reflection loss at the first surface plus the anti-reflection

coating loss at the near normal surface. For the LiNbO3 prisms

this loss is less than 1% per prism , which is insignificant

compared to output coupling losses. Thus the LiNbO3 prisms

beam expander is readily inserted into the OPO cavity without

significantly increasing threshold.
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APPENDIX F

Experimental Cavity Configurations

In the course of thiswork , a number of OPO configurations

have been constructed in an effort to reduce threshold and to

improve l i newidth i  pe r fo rmance .  We have found tha t  the Gaussian

pump p r o f i l e  i.s necessary -for mini .mum threshold due to the

longer wa lko f f  l eng th .  At tempts  to improve per formance  have

concentrated on a reduct ion  of c a vi t y  length , as shown by the  in-

lin e ar rangements  us ing  Fresnel pump coupling (Fig. 14a) and

using a dichroic  inpu t/ ou tpu t  separation mir ror  (F ig .  14b).

The la t ter  is necessari ly a DSRO but has the  d i sadvantage  that

for moderate pump l evels the signal wave feedback from the pump

high ref lector  m i r ror  is sufficient for oscillation. In the

Fresnel coupled cavity, the pump is reflected o f f  the f i r s t  p r i s m

sur face .  ~This  a r rangement  works well , but is somewhat Inconvenient

to a l i g .~ ~ does not e f f i c i e n t l y  couple the  pump beam in to  the

c a v i t y .  The L shaped cav i ty  us ing  a dichro i. c Input  m i r ror

shown in Fi g. 10 , per forms bet ter  than  any other  c o n f i g u r a t i o n

we have tested .

For l i n e w i d i h  control we have operated c av i t i e s  w i t h  a

Gal i  l ean telescope expander  ( F i g .  14c) , a m i r r o r/ g r a t i n g  combina t ion

rear r e f l e c t o r  ( F i g .  14d) and  a Brewster  ang le  b i r e f r i ng e n t  t u n i n g

e lement  (V .1 g. 14e).  The telescope expander is c l i  f f icu l  t to a] ign

(
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and to collimate. It also suffers from chromatic aberration

and produces back reflected focal spots which may damage other

components. The resonant mirror/grating setup must be inter—

ferometr ic ly stable to operate properl y. Bire fr ingent tun i ng

has the disadvantage of being nonlinear . We find that  the

d i f f r a c t i o n  g ra t ing  when preceeded by a prism beam expander

has better performance than any other con f igu ra t ion  tested .
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FIGURE CAPTIONS

1. Simplified OPO schematic .Mirror M1 
is highly reflecting

between 1 .4 - 2.1 ~‘m . Output coupler M2 has signal

ref lectance R.  For DSRO operation , pump h igh  re f lec tor

M3 may be used .

2. Angle tuned LiNbO3 OPO tuning curve and crystal gain

ba n d w i d t h .

3. SRO threshold fluence  vs cavi ty  physical  l ength  solid

curve shows results of numer ical calculation . Dashed curve

shows results  of square pulse model .  & 6 cm , 2 w =

4 mm , R 60% , T = 15 ns.

4.  8110 threshold f luence vs crystal leng th .  L ’ = 8 cm ,

2 w~ 4 mm , R 60% , T = 15 ns.

5. SIlO threshold fluence vs signal wave reflectance . Error

bars reflect variations due to differing idler reflectances .

= 8 cm , & 6 cm , 2 w~ 4 mm , t 15 ns.

6. SIlO threshold fluence vs pump spot diameter L’ = 8 cm ,

L 6 cm , 11 = 60%, i = 15 ns.

7. 8110 threshold fluence vs pump puisewidth. Data scaled

-
‘ 

by 0.37. L ~~ 8 cm , L = 6 cm , 2 = 4 mm , 11 = 50% .

8. SIlO energy conversion efficiency vs number o times above

th resho ld .
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9. Damage l imits  of LiNbO3 vs pump pulsewidth .  a) solid

curve shows pump f luence at 3 x OPO threshold for an

average crystal. Surface damage fluen.ces for the bare

LiNbO3 surface , for the uncoated sur face in an 02 atmosphere ,

for an 8i02 coated crystal are shown , b) solid curve

shows pump intens ity at 3 x OPO thr eshold ins ide an avera ge

crystal. An approximate experimental self—focusing damage

limit is indicated by the dashed line.

10. Schematic of the SIlO cavi ty  for  l i n e w i d t h  s tudies .  Primary

linewidth  control is provided by prisms and g ra t i ng  combinat ion .

Line narrowing is accomplished wi th  a t i l t ed  etalon . A

resonant ref lec tor  used as an output  coupler collapses the

linewidth to a single axial mode.

11. 8110 grating linewidth using a ten power prism beam expander

as measured using a scann ing 1 meter spectromet er.

12. SRO linewidth measurements using Fabry-Perot etalon . OPO

cav ity includes a tilted etalon and resonant ref lector ,

a) resonant reflector Is misaligned , producing a FWIIM

linewl dth of .075 cm~~ , or 3 ax ial modes , b) resonant

reflector is aligned , producing stable single axial mode

operation .

13. Two prism expander setup. Incident and exit angles are

shown as and 0e Prisms apex angle is u . Magnification

is given by W/w.
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14. OPO cavity configurations , a) pump input coupling using

Fresnel reflection of prisms P, b) M2 is pump high reflector ,

dichroic beamsplitter BS is used to separate signal output ,

c) telescope T used for beam expansion , d ) partially

reflect ing signal mirror 143 to act with grat ing G as

resonant reflector , e) birefringent filter BF used as line—

narrowing element , M4 is signal high reflector. Other

elements:  crystal XT , output coupler = M1
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APPENDIX IV

Robert 1. Byer and W. R. Trutna, “1 6-u rn Generation by C02-

Pumped Rotational Raman Scat tering in H2
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16-~tm generation by C02-pumped rotational Raman
scattering in H2

Robert L• Byer and W. R. Trulna

Ethv ,rd L. GinzWn Lohnrut ory of Physics. Stan f an ! I I nivarsity. Stunfor,l, California 94305

Receivcd ~uIy 5. 1978

We have gener a ted 50 rn-i of l6 9-~,si radiation by st imula t ed rotational Raman scattering in 3 atm of H2 gas
pumped by a (02 ‘l EA-lase r source. Threshold was reached by injection ol a few nucrojoules of iG9- ~sm radiation
generated by four-wave mixing. We achieved 25% peak pmver , or 40% peak photon conversion efficiency.

In 1976 Byer proposed using stimulated rotational 8E0 — + —~~~~~
— E• 2F + E CE F i~~k z)  (idRa man scattering in hyd rogen gas as an efficient — 

~~~ ( I  J S
method of frequency conversion in the infrared. ’ In
particular , it was noted that stimulated Raman scat- where w,2 — w., — 

~~~~ 
with (i~p 

— = wi~ and ~~ktering i n pare - H 2 gas wi th a CO2 laser pump generates — (k r — k,) + (h , — k~) with wR the characteristic
16-pm radiation , which is of potential use for UI”6 ISO- Raman frequency of the medium with a peak Raman
tope enrichment. It was subsequently learned that susceptibility •XIt ”.9 In our case E~ is the Nd:YAG
others have also suggested stimulated rotational Raman pump field at 1.064 pm , E4 is the generated Stokes field
scattering in the infrared . 2 Recently Frey et a!.3 have at 1.10 pm , E1 is the input field at 10,6 pm , and E0 is the
generated 16-pm output at the 1-mJ level by vibra tional generated output at 16.95 pm.
Raman scattering in H2 and N 2 pumped by a ruby - j f we neglect four-wave mixing for the moment , Eqs.
pu mped dye laser. ( la )— (I d )  separate into two pairs of equations that de-

We have successfully generated 50 mJ of 16.9-pm scribe stimulated Roman scattering pumped at E~ and
lation by four-wave mixing-assisted stimulated ro- E,. In the absence of pump depletion , the Stokes power

tational Raman scattering. We used a 2-J , 70-nsec CO2 increases exponentiall y as P5( 1)  P5(O )  exp ~g4 l) ,  where
laser source to pump a 25-pass , 4-m-long cell filled with P .( O)  and J ’~(1) are the input and output Stokes power ,
3 atm of p-112 gas obtained from a liquid H 2 source, respectively, and g, is the Raman power-gain coefficient
Based on theoretical calculations ’ and rotational given by
Raman threshold , scaled from carefu l measurements I F  12 4 “jat 1.064 pm , we predicted a C02-pumped rotatio nal wax!? u ‘P1 “XII p 

• (2)
Raman threshold in our multipass cell of 1.7—2.6 .1 in a n,c A8n,~z~~0c
70-nsec gain-switched pulse. Our available CO2 pump The input power to the Raman cell P~( O)  is usually
energy was not adequate to reach stimulated Raman provided by blackbody or spontaneous Rarnan noise.
threshold by amp lification of spontaneous emiSSion. In our case the spontaneous noise is dominant so that
However , when 16.9-pin radiation generated by four- the noise in a single polarization and single spatial mode
wave mixing was injected into the multipass cell , the within the Raman linewidth ~ vj t is P, ( O)  = hv~~ s ’~Raman gain was sufficient to lead to significant pump 10~~2 W.’ 1 Thus, for a CO:t pump power of 10 MW , the
depletion and a peak photon conversion efficiency of net gain required to amplif y the spontaneous power up
40% to the Stokes wave at. I 6.c) pm. to the order of the pump power is g.,1 = lntP,, (1) /P 5 (0))

The four-wave mixing l)rocess was first described for = ln [ lO 7 W/ J 0—12 W) 44
interactions in crystals ’ and later ex ten d ed to gases5’6 The 16.95-pin radiation generated by four-wave
as a inealis for generating widely tunable infrared ra- mixing can also he amplified by the stimulated Raman
diation .7 Sorok in el a L TM have demonstrated four-wave ga in process. It has beeii pr evanisly showni4,~.P and is
mixing  in H~ gas using a CO2 laser source as a method evident from Eqs. ( l a) - -( l d )  th at  the four-wave mixing
for 16-pin generat ion. conversion efficiency in the absence of significant

The equati ons governing 1)0th four-wave mixing and Rain an amp li f ica t ion  and pump dep letion is givei~ by
stimulated Raman scattering are given by9 ,~ ,,= (—

~) sI , l l 2 — ~
—-
~ —~

- ’ (3)
= — 

W11 xu ”(1E512 E,, + ~~~~~~~~~~ (In) I~ \‘4, 1 ~~~ ‘pé)z 2cn ,, where i~, I~, 1,, and I,, are the intensities and n 1~ n ,,, H ,,

+ — “(  p •~i4’ + p *p p (, _ l
~~~k:) (ii)) an ti fl ,, are the refractive indices at the four lields. In

2cn , XII ‘~‘ 2 M ’4 ”21J ‘ the present ease the Ncl :YAG laser source at. 
~~,, converts

40% of its energy to the Stokes wave by st imti ls i l  t’d
— — “ - “ ( I  p I ‘

~
,‘ + ~~ 

f ~’ ~l~’ c —~•~~ l (It.) Roman scat t eri is g on the first . tr ansit ot the 25-15155 t’t’ll.
• •

~ 
X I t  I~~~~

,
~~J 9 ’/P~~~ •S ’44 ‘ ‘l’he in cident (‘O~ laser ink’n~it.y at. t~~j tIiei general es

0I ffl 9592/7$/ ItItl() oi I.ls(Lr~o/n ‘ 197$ , () 1,t is ;iI ~iH i i IV ill Anii’rii~i
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output at w,, by four-wave mixing. The gener- 70 - too
ated output power at 16.95 pm is given by 1’,,

o - 9 0 ~~0.4 (l. l0 pm/ l6.95~s m) 2 P~ 1.68 X i0~’P A 10-MW ~I. 0CO2 laser produces 16.8 kW or 134 p.J of energy in an - 80us as

cause of the iinper lect spatial overlap of the beams and X
z

the nonzero phase-mis m atch factor ~~~ The gener- 
Z~ 40 _/

‘_ 60 C
04

7’ -ated 16-pm energy is then amp lified on the remaining
passes by the CO2 laser-pu m ped Rarnan gain.

4 ~ - 4 O ~~

8-nsec Pulse. In practice, less energy is produced be- ~~~ so 
RA MAN THRESHOLD 

CO2 ABSORPTION 

70

The generated four-wave mixing power is 16 orders 0

of magnitude greater than the spontaneous Raman 2 20 - ‘ . 7 30

‘
F w4power and thus  si gnific antl y reduces the Rarnan 

~,
7a,n 0

required i to reach threshold. ’° The required net Rarnan ~ 0 
20

toga in with four-wave mixing injection is g5 1 =
P,,(O)J = ln( 107W/I0 ’W) 7. The required Raman 0

0 I 2 3 4 5 6 7 8
ga in and thus input pump power is, therefore , reduced PRESSURE IN ATMOSPHERES

by a factor of 44/7 or 6.2 times compared to the ampli- Fig. 2. Dependence of rotational Rainan threshold at LOG
fied spontaneous-emission case. pm and pressure-induced absorption at 10.6 pm on p-H 2Figure 1 shows a schematic of the experimental ap- pressure.
para tus. The CO2 laser source consists of a Lumonics
103 oscillator followed by a Lumonics 102 amplifier. A
Q-switched unstable resonator Nd:YAG laser operating flector followed by a dielectric bandpass filter and is also
at 1.064 pm provided the pumping for generati ng t h e  monitored by a pyroelectric energy meter. The wave-
four-wave m ixing signal. The Nd:YAG laser pulse length of the Raman signa l measured with a grating
energy was limited to 70 m.J , which was 35 times the monochrometer is 16.95 pm , as expec ted.
measured 2-m.J threshold because of the onset of dam- Figure 2 shows the rotational Raman threshold de-
age of the meta l turning mirror. The Nd:YAG and CO2 pendence on p-H2 pressure at 1.06 pm in the inultipass
beam s were com bined on a ZnSe plate and were focused cell. As the pressure increases , the threshold rapidl y
into the mull ipass cell by a 9-m-radius mode-matching drops to abou t 2 atm , where it levels off at about 2 mJ.
mirror. This optical arrangement assured that the In a long cell , pr essure-induced absorption in H2 gas at
four-wave mixing-generated 16.95-pin radiation had the 10.6 pm is significant and limits the maximum operating
proper spectra l and spatial profile for amplification in pressure. The second curve in Fig. 2 is a theoretical
the remaining passes of the cell. curve t2 showing the fraction of CO2 energy absorbed

The niu lti pass cell consists of a 3.77-rn-long, 15.24- versus H 2 press ure. Measurements of CO2 tr ans m it-
cm-diameter stainless steel tube , with steerable tance versus pressure wet-c in agreem ent with this curve.
12.70-cm-diameter , 2-m-ra dius copper mirrors mounted Taking both pressure-induced absorption and Nd:YAG
at each end. Light is coupled into and out of the cell threshold dat.a into account , it is apparen t that there is
throug h salt windows mounted on the sides of the tube. an opt imum operating pressure of between I and 4
Light entering the cell is direct ej down the axis of the atm.
tube by a 1.27-cm-diameter st e -t ~ng mirror. The beam The Nd:YAG laser linewidth was also varied from
then ref lects back and forth between the 12.70-cm - single axial m ode to about 0.5 ern ’ by inserting etalons
dia m eter mirrors refocusing on each transit and walks into the Nd:YAG resonator. The Roman threshold was
in a circle mound the rims of the mirrors. After 25 found to be independent of laser lim ,ewidt ,h , in agree-
transits , t he beam is coup led out of the mult .ipass cell ment with theor ..I :s . i i  Our CO2 laser source was thus
by a second I .27-cm-diameter steering mirror and en- operate d without linewidt. h control to obtain the m ax-
ters the screen room where spectral and energy men- imu mu outl)ut. pulse energy. Based on the Nd:YA C
surement s are made. A pyroelecLic energy m eter threshold measurements , we predi cted a Rarnan
monitors the CO2 energy. The 16-pam si gnal is sepa - threshold for the CO2 laser of between 1.7 and 2.6 .J in
rated from the 10-pm signal by a LII” reststrah len re- a 70-m,sec pulse for 3 atm of p-H 2 in the multi pass cell.

‘rhe gas-breakdown l imit  in our present. coil is 4.5-J
input CO2 energy .

With bot h the YAG and CO2 lasers properly aligned
ENFRGY
D~ T I CTOR and synchronized in the H2 cell, significant 16-pm

La x c i
0-.- — ‘ 3 7 7 f l ~ 055. 25 PASS H2 ~~ I. 

energies were generated. Fi gure 3 shows the I 6-pm
O(T CCTO R ~ 

, 5 n d~ans output energy versus CO2 laser peak input power. ‘I’he
~~~~ ±50-nsec timing j i t ter  between the YAG and (~O2 lasers2m MIRROR

i MIRROR -
S DIOo(~~ -- 

- — !nSe resulted in large pulse-to—pulse variations in l6-pm
ISYNC HRONIZA T I( ’ N) L ~ 

I UM ONI CS 03 energy. What. is clisp lay .d are clusters of 1)OiIit s t hat

SCRFI N 
i

E

A M P u F I
~~~~~~~~~~~~~~~ 

represent. (lie best results at C~CIi CO2 laser -power
IM(INICS 102 setting. ‘l’lw (lots rel)rc’sent data taken at 1.5 atm , and

ROOM t he X’s represent data taken at. :3—at m H2 presst lrt ’ in the
I cell. An in i p o r ( a n l  point  to  notice is that tIm e 16—pm

1 . .  . - i energy is (lisphlved on it log scale. An fl~creast’ of 3 in
l”i g. 1. Sclwinal ic of cx l )( ’r imlm ( ’msl ~l lippar si t us. CO2 lasei- It )wer r e sults in an increase of 3 n d ers of
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